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PREFACE
The purpose of this dissertation is to apply the principles of breeding plants 
for resistance to diseases to the specific case of breeding wheat for resistance to 
bacterial leaf streak caused by Xanthomonas campestris pv. translucens (Xct). In the 
literature review, I give a brief account of the importance of wheat in our world food 
supply, which establishes the necessity of investigating the control of wheat diseases 
through resistance. A broad overview of the two modes of inheritance of resistance is 
also given. There are, of course, exceptions to the rules of inheritance that are 
outlined, but the purpose of the section is simply to introduce the two major modes of 
inheritance of resistance and to illustrate some of the implications of each. The 
review of the literature concerning bacterial leaf streak or black chaff caused by Xct is 
more exhaustive but concentrates on the factors that affect breeding wheat for 
resistance to this disease.
While all four chapters in this volume contribute in some way to the current 
knowledge on bacterial leaf streak of wheat, Chapters 2 and 4 contain information on 
topics never before published concerning leaf streak of wheat. Taken as a whole, I 
believe the information presented in this volume presents a clear picture of the 
importance of the disease bacterial leaf streak, and the methods that should be 
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ABSTRACT
Bacterial leaf streak or black chaff caused by Xanthomonas campestris pv. 
translucens (Xct) can cause yield loss in wheat, especially in warm, high rainfall 
environments. Bactericidal chemicals have not been effective in controlling the 
disease, however, host resistance to leaf streak may be an effective control measure. 
Studies were conducted in the field and greenhouse to determine the relationship 
between the black chaff and leaf streak symptoms caused by Xct, to quantify yield 
loss, to calculate the heritability of leaf streak reaction and to evaluate germplasm for 
resistance to leaf streak. The results showed that ’Florida 304’ is very susceptible to 
leaf streak but is resistant to black chaff. All other cultivars tested are susceptible to 
both black chaff and leaf streak. In the field, average leaf streak severity on 
individual flag leaves ranged from 2% on ’Terral 101’ to 11% on Florida 304 at 
Feekes’ growth stage 10.5.4. Yield losses estimated from these levels of leaf streak 
were 3% and 9% in Terral 101 and Florida 304, respectively. There was no 
relationship between black chaff severity and yield. Estimates of the narrow sense 
heritability of reaction to leaf streak range from 0.12 to 0.70 and averaged 0.31. 
Entry mean heritability increased to 0.47 with testing over three replications at one 
location. Lastly, 64 bread wheat lines were identified that were resistant to leaf streak 
in two years of field testing. These studies show that some cultivars may be resistant 
to black chaff but susceptible to leaf streak and that yield loss is related to leaf streak 
and not black chaff. Yield loss caused by leaf streak was estimated at 9% in Florida 
304, the most susceptible cultivar tested. This is not a severe yield reduction, given
x
the susceptibility of Florida 304 to leaf streak. Thus, a high level of resistance to 
leaf streak in winter wheat may not be needed to avoid yield loss. Screening wheat 
for resistance to leaf streak in replicated plots under artificial inoculation should be 




Production, Uses and Economic Importance of Wheat
Wheat is one of the most important food crops in the world (Briggle and 
Curtis, 1987). It occupies about 20% of the total farm land in the world and is the 
staple for about 40% of the world’s population (Wiese, 1987). Two species of wheat 
make up about 90% of the world crop: common bread wheat (Triticum aestivum L.) 
and durum wheat (T. durum Desf.). Wheat is also classified on the basis of the time 
of the year in which it is grown, i.e., winter or spring (although wheat as a whole is 
a cool season crop), seed color, i.e., red or white, and on the protein content of the 
seed, i.e., 11-12% for hard wheat, 6-11% for soft wheat (Briggle and Curtis, 1987). 
Winter wheat requires a certain period of cold temperature (vernalization) before it 
will produce grain whereas spring wheat does not.
Almost all wheat is processed for human consumption. Hard wheat is used 
primarily for making bread and rolls whereas soft wheat is used to make cakes, 
cookies, pastries and crackers. Bread wheat includes both hard and soft types.
Durum wheat is used to make pasta products such as spaghetti and macaroni because 
of the unique coarse nature of its ground kernel (Wiese, 1987).
Wheat is also used for animal feed. It is about equal to com, barley and 
sorghum in beef fattening rations when at least 5% roughage is included (Briggle and 
Curtis, 1987). Wheat is not as good as com for swine feed but is a very good poultry
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feed. Feed wheat comes primarily from by-products of milling, which add up to 
about 25% of the whole grain weight.
Most wheat is used in the country in which it is produced and only a few 
countries produce more than they need (Briggle and Curtis, 1987). The United States 
is the world’s leading exporter, with about two thirds of the crop being exported 
annually. Other important exporters are Canada, Australia, the European Community 
and Argentina. The former USSR is the largest importer of wheat.
Breeding and Improvement of Wheat
Bread wheat is an almost entirely self-pollinating, allohexaploid plant. Thus, 
nearly all wheat cultivars are grown as homozygous lines although experimental and 
commercial methods of producing hybrids exist. As of 1984, less than 0.1% of the 
total acreage of wheat in the United States was sown to hybrid wheat (Briggle and 
Curtis, 1987).
The methods employed in wheat breeding programs are those common to self­
pollinated crops (Knot, 1987; Fehr, 1987). Specifically, single seed descent, mass 
selection, and the pedigree methods are widely used in wheat breeding programs.
The major objective of wheat breeding is increased yield. Depending on the specific 
area, this objective may be met by improved disease resistance, better adaptation to 
local environmental conditions, and/or increases in genetic yield potential, among 
others. Adaptation to local environments may involve such considerations as 
tolerance to heat and/or acid soils (Briggle and Curtis, 1987). Although there is some 
discussion as to whether genetic yield potentials have been reached, it is generally
agreed that there is sufficient variability in wheat germplasm to expect more gains in 
yield due to genetic improvements (Briggle and Curtis, 1987). Adding to the inherent 
variability of cultivated wheat is the use of wide-hybridization to transfer genes from 
several different species to wheat (Maan, 1987). In most cases, such hybridizations 
are used to transfer simply inherited traits such as pest or pathogen resistance (Gill 
and Raupp, 1987; Cox and Hatchett, 1994; Cox et al., 1994).
INHERITANCE OF HOST RESISTANCE TO DISEASES
Developing disease resistant cultivars is a very important component of any 
breeding program. Resistance is considered to be the most effective and economical 
method to protect crops from diseases caused by airborne pests including bacteria and 
fungi (Agrios, 1988; Fry, 1982). For example, the Compendium of Wheat Diseases, 
2nd edition, lists cultivar resistance as a current or attainable control measure for 20 
of the 34 leaf, head, and seed diseases caused by bacteria and fungi. In contrast, 
none of the diseases of the crown and roots of wheat are directly controlled by 
cultivar resistance (Wiese, 1987).
Inheritance of resistance to diseases can be either quantitative or qualitative.
In wheat, for example, reaction to the rust, smut and powdery mildew pathogens, 
which cause some of the most destructive diseases of wheat, is inherited qualitatively 
(Schafer, 1987). With these three disease complexes, the reaction of the host plant to 
infection by the pathogen is, in almost all cases, either total susceptibility or 
immunity. The pathogen population is made up of genetically distinct races with each 
one capable of causing disease on some, but not all, members of the host population.
4The underlying genetic interaction between host and pathogen in most cases of 
qualitative resistance is called the gene-for-gene relationship (Person and Mayo, 1974; 
Robinson, 1987). This relationship was discovered by H. H. Flor in the early 1940s 
while working with flax and flax rust (Flor, 1955 & 1956). The system is 
characterized by single resistance genes in the host interacting with single avirulence 
genes in the pathogen (Damann, 1987; Kolmer and Dyck, 1994; Person and Mayo, 
1974; Loegering, 1984). Usually, both the resistance gene and the avirulence gene 
are dominant, but this is not always the case (Chen and Line, 1992 & 1993). The 
easiest way to visualize the gene-for-gene relationship is with a model of the 
interaction of one pair of alleles in the host that conditions resistance\susceptibility 
and another pair in the pathogen that conditions avirulence\virulence.
Host Genotype
Pathogen
Genotype RR Rr IT
AA - - +
Aa - - +
aa + + +
In this diagram, ’ + ’ indicates a susceptible host and indicates a resistant host. 
Notice that host resistance occurs only where both the pathogen and host have a 
dominant allele. In all other cases, the host is susceptible. This has led to the 
general conclusion that the specific interaction between host and pathogen is for 
incompatibility (Damann, 1987; Kolmer and Dyck, 1994; Person and Mayo, 1974).
That is, if the host has the dominant resistance gene and the pathogen has the 
dominant avirulence gene, the host will be able to ’recognize’ that specific pathogen 
genotype and respond by activating defense mechanisms. In gene-for-gene 
relationships, the usual defense mechanism is a hypersensitive response in which 
several cells in the immediate vicinity of the infection site rapidly lose turgor and die 
(Agrios, 1988; Klement, 1982; Russell, 1978). Since most fungal pathogens in gene- 
for-gene relationships are obligate parasites, the invading hyphae will also die. The 
gene-for-gene relationship also occurs in interactions between bacteria and nematodes 
and their host plants (Fry, 1982; Staskawicz, 1984).
Single gene resistance characteristic of gene-for-gene relationships has been 
used successfully to control diseases in many crops (Russell, 1978). From the plant 
breeders’ standpoint, selecting plants with single gene resistance is simple because the 
plant is either diseased or it is not. Environmental factors do not affect the 
expression of single gene resistance to the same degree as they can effect multi-gene 
or quantitative resistance. However, in many of the host/pathogen relationships 
governed by the gene-for-gene relationship, the effectiveness of resistance genes in the 
host is usually short-lived (Russell, 1978). This is a result of the almost exclusive use 
of monoculture in modem agriculture (Agrios, 1988; Day, 1973; Robinson, 1987; 
Russell, 1978). In 1971, for example, nine major wheat cultivars accounted for 50% 
of the wheat acreage in the United States. Genetic uniformity in crops challenges the 
pathogen population to either adapt to the dominant host genotypes or die.
Experience has taught that compatible pathogen genotypes will eventually arise in the
6population and cause epidemics in genetically uniform crop cultivars. Thus, when 
single genes for resistance are used in crops grown over large areas in monoculture, 
there is potential for crop failure due to disease (Robinson, 1987; Russell, 1978). In 
other words, the monoculture of modem agriculture imparts genetic vulnerability to 
our crops. The green revolution bom in CIMMYT (The International Maize and 
Wheat Improvement Center) has illustrated this fact well. Some of CIMMYT’s first 
semi-dwarf cultivars, that were widely planted, were severely damaged when they 
came in contact with new races of a pathogen (Agrios, 1988). As a result, CIMMYT 
now places a great deal of effort into local breeding programs designed to incorporate 
resistance to local pathogen populations. In crops such as wheat where new races of 
the rusts, smuts and powdery mildew are constant threats to existing cultivars, there is 
a continuous need for cultivars with new, or at least different, resistance genes.
The other mode of inheritance of resistance is quantitative or multi-genic. 
Quantitative resistance is not characterized by distinct categories of host reaction to 
the pathogen as with qualitative resistance (Robinson, 1987; Russell, 1978). Instead, 
individuals within the host population will exhibit a continuous range of reaction to 
disease and the population as a whole will be normally distributed with respect to the 
disease. With quantitatively inherited resistance, the genetic interaction between host 
and pathogen cannot be characterized by the gene-for-gene relationship. From the 
plant breeders’ standpoint, selection for quantitatively inherited resistance is usually 
more difficult than selection for qualitative resistance. This difficulty arises because 
resistance is not absolute and environmental factors can have a large effect on
expression of the disease. The pathogen population is not characterized by different 
races, but instead, individuals within the population may vary in their degree of 
aggressiveness or virulence. In many host/pathogen relationships, the only known 
type of resistance is quantitative. Some research, however, shows that quantitative 
resistance is also present after single resistance genes have been matched in gene-for- 
gene relationships (Koch and Parlevliet, 1991; Robinson, 1987; Vanderplank, 1984; 
Wallace and El-Zik, 1990). In either case, quantitative resistance is considered to be 
more durable, or long lasting, than qualitative resistance (Robinson, 1987). That is, 
quantitative resistance is not subject to be overcome by a single race of the pathogen. 
There are many examples of quantitatively inherited resistance apart from the gene- 
for-gene relationship. A measure of importance in quantitative resistance is the 
heritability, which is the proportion of total variance in the host population that can be 
attributed to genetics. The heritability of resistance to tan spot (Pyrenophora tritici- 
repentis (Died.)Drech.) in durum wheat was estimated at 73% (Elias, 1989).
Likewise in bread wheat, the heritability of resistance to septoria leaf blotch is 
estimated at between 57% and 69% (Rosielle and Brown, 1979). In oat, heritability 
of resistance to the oat mosaic virus is between 17% and 20% (Uhr and Murphy, 
1992).
In general, there are two types of inheritance of resistance to plant pathogens: 
qualitative and quantitative. Qualitative resistance is usually characterized by the 
gene-for-gene relationship and its effectiveness in modem agriculture has proven to be 
unpredictable. Quantitative resistance is characterized by a continuous distribution of
8host genotypes and is theorized to be more stable in practice than qualitative 
resistance.
BACTERIAL STREAK OF WHEAT 
History, Symptomology and Pathogen Taxonomy
The first report of bacterial streak of cereals was on barley (Hordeum 
vulgare), wheat, rye (Secale cereale) and spelt (Triticum spelta) in 1916 (Jones et al.,
1916). It was found that a monotrichous rod, yellow in culture caused a blight of 
these crops. Specifically, the pathogen caused water-soaked leaf streaks, a blackening 
of the chaff, and dark lesions on the peduncles (Smith, 1917), all of which normally 
do not occur until after the boot stage (Duveiller, 1989a). Later research has shown 
that black chaff can be caused by other factors (Johnson and Harborg, 1944) and that 
the most characteristic symptoms of the disease are the leaf streaks (Duveiller, 
1989a&b). Cross inoculation experiments showed that the organism isolated from 
barley was not pathogenic to wheat, rye or spelt whereas the organism isolated from 
those crops also attacked barley. There was some disagreement on this point 
(Bamberg, 1936), however, more recent evidence appears to confirm this early 
report. In cross inoculation experiments, strains of Xanthomonas isolated from 
wheat, rye and triticale (X. triticosecale) were pathogenic on each of these three hosts 
and also barley but to a lesser extent. However, strains isolated from barley were 
pathogenic primarily on barley (Cunfer and Scolari, 1982).
The barley organism was originally named Bacterium translucens (Jones et al.,
1917). The organism attacking wheat, rye, spelt and barley was later named
Bacterium translucens var. undulosum (Smith et al., 1919). Since then, the 
taxonomy of this group has undergone several changes. The genus name Bacterium 
was changed to Xanthomonas (Dowson, 1939, as adopted by Dye and Lelliott, 1974) 
and later, over 100 different Xanthomonas species were condensed into one species: 
Xanthomonas campestris (Dye and Lelliott, 1974). At the same time, a system of 
pathovars was adopted changing the specific epithet to the rank of pathovar. Three 
pathovars of Xanthomonas campestris, pvs. cerealis, undulosa and translucens, 
reportedly attack wheat: (Bradbury, 1984; Leyns et al., 1984). However, neither 
fatty acid profiling (Stead, 1989) nor protein electrophoresis (Kersters et al., 1989) 
could distinguish among these three nor among the barley pathovar X.c. pv. hordei 
and the rye pathovar X.c. pv. secalis. Suffice it to say that the taxonomic literature 
on the pathogen that causes leaf streak and black chaff in wheat is difficult to follow. 
The practice of naming of the Xanthomonas pathogens based on the host on which 
they were found, without comparing them to other strains, has undoubtedly helped to 
muddle the picture. Even today, publications from Mexico list the causal organism 
of black chaff and leaf streak of wheat as X.c. pv. undulosa while those from the 
United States call the pathogen X.c. pv. translucens. However, on the basis of 
current evidence it appears that the organism that attacks wheat has a wide host range 
and is called Xanthomonas campestris pv. translucens (J.J.& R.)Dye (Bradbury, 1984; 
Paul and Smith, 1989; Stead, 1989).
10
Etiology and Epidemiology
Xanthomonas campestris pv. translucens survives the winter or summer in 
several ways. Infected seed is believed to be one of the major means by which Xct is 
disseminated (Milus and Mirlohi, 1994a; Sands et al., 1986; Wiese, 1987). Although 
infected seed plays a role in long range dissemination of Xct, some of the first 
investigators rarely if ever saw disease in the resulting seedlings. In addition, no 
differences in bacterial streak were observed between plots from infected seed and 
those from non-infected seed (Bamberg, 1936; Boosalis, 1952). Interestingly, it has 
been found that 25 to 40% of seedlings resulting from seed inoculated with both Xct 
and Helminthosporium spp. showed symptoms of bacterial streak whereas seed 
inoculated with only Xct produced very few diseased seedlings (Boosalis, 1952).
Actual transmission from infested seedlots in Montana was found to be less than 2% 
and was dependent on the level of seedlot infection, which ranged from 0 to 95%
(Hall et al., 1981). Laboratory seed washing assays in Idaho found that about 1000 
colony forming units (cfu) of XctlmX were needed in order for black chaff (or leaf 
streak) to develop in the field (Schaad and Forster, 1985). Adding to the evidence for 
seed transmission is circumstantial evidence that the disease was apparently controlled 
for some years with organic mercury seed treatments (Cunfer, 1988). In addition to 
seed infection, the pathogen may pass the winter or summer in host debris, soil, or on 
weeds and other crops (Boosalis, 1952; Cunfer, 1988). However, in Arkansas, the 
pathogen was not found in any of these places (Milus and Mirlohi, 1994a)
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Xct enters the wheat plant through stomata or wounds (Wiese, 1987). Recent 
evidence also indicates that the bacterium grows epiphytically on the plant surface and 
is a strong ice nucleator. When on the leaf surface, the pathogen caused frost damage 
and greater leaf streak severity on wheat in the growth chamber. Thus, frost damage 
could be another mode of entry for Xct into the plant (Azad and Schaad, 1988;
Cunfer, 1988). Once Xct has infected the wheat plant, it can be spread to other plants 
by driving winds and splashing rains and possibly aphids (Boosalis, 1952; Cunfer, 
1987). The pathogen is capable of spreading about 28 m2 within 39 days from a 
single plant (Hall et al., 1981; Sands et al., 1986).
Interaction Between Xct and Plant Pathogenic Fungi
Early investigators observed interactions between disease causing fungi and 
Xct. In one study, 25-40% of seedlings inoculated with both Xct and 
Helminthosporium spp. showed symptoms of leaf streak but very few of the seedlings 
from seeds inoculated with Xct only showed symptoms of leaf streak (Boosalis, 1952).
In another study of F3 lines from the two crosses ’Hope’ (resistant to stem 
rust, susceptible to black chaff)/’Florence’ (susceptible to stem rust, resistant to black 
chaff) and ’Hope’/ ’Reward’ (susceptible to leaf rust, resistant to black chaff), stem 
rust and black chaff were negatively correlated in 7 of 11 families (Waldron, 1929).
In the same study, there were negative correlations between black chaff and bunt in 3 
of 4 families from the cross ’Hope’/ ’Marquis-Kota’ (both susceptible to black chaff 
and resistant to stem rust). Recent evidence indicates, however, that the black chaff 
observed in this study may not have been caused by Xct, but instead may have been in
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some way related to stem rust resistance genes. For example, high temperature and 
humidity were found to induce black chaff in the two stem rust resistant cultivars 
Apex and Renown but not in the susceptible cultivar Marquis (Johnson and Harborg, 
1944). There is also a reported relationship between the stem rust resistance gene Sr2 
and a black chaff type symptom that mimics black chaff caused by Xct (McIntosh, 
1988, as cited in Duveiller et al., 1993). In addition, susceptibility to a black chaff 
type symptom, that is apparently independent of stem rust resistance, was found to be 
controlled by a single gene pair (Woo and Smith, 1962). Because of the confounding 
effects of other causes of black chaff in wheat, most research on the disease has 
focused on the leaf streak symptoms.
Yield Losses Caused by Leaf Streak in Wheat
Estimates of crop loss caused by leaf streak in sprinkler irrigated fields in 
Idaho are as high as 30% to 40% (Forster and Schaad, 1988). Several investigators 
found that leaf streak decreases test weight. In Minnesota, 500-kemel weight and 
seed plumpness were inversely correlated with leaf streak severity on flag leaves in 
wheat and barley (Shane et al., 1987). On the other hand, data from yield loss 
studies in Louisiana have not indicated a significant reduction in test weight (Kursell, 
1991). In addition, if the heads are attacked they may become sterile (Forster and 
Schaad, 1988; Wiese, 1987). Yield loss estimates from single tiller studies in Mexico 
indicate that 11-29% of the potential grain weight/spike may be lost given that 50% 
of the flag leaf area is diseased (Duveiller and Maraite, 1993). In two out of three
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years, in the same study, the number of grains/spike decreased as leaf streak severity 
on flag leaves increased.
Control of Xct in Wheat
Evidently, bacterial streak was controlled for some years with mercuric 
chloride seed treatments (Sands et al., 1986; Forster and Schaad, 1988). Curtailment 
of these treatments due to the toxicity of mercury to humans may be responsible for 
the recent epidemics of bacterial streak on wheat in the United States (Cunfer, 1988). 
Other possible seed treatment chemicals have been tested for activity against Xct in 
Idaho. Of eight compounds tested, only acidified cupric acetate controlled Xct on 
seed. However, it also adversely affected seed germination and plant stand. Seed 
treatments can be an effective means of control in the absence of other sources of 
inoculum (Forster and Schaad, 1988). The use of pathogen free seed is also a 
possible control method. A semi-selective agar medium has been developed which 
allows the detection of Xct on wheat seed (Schaad and Forster, 1985). Using this 
medium, disease development has been associated with the number of cfu/ml in sterile 
saline from washed seeds. It was found that about 1000 cfu/ml or more from a given 
seed-lot are required for bacterial streak to develop in the field.
Recently, 13 bactericidal compounds were tested for foliar control of X.c. pv. 
citri (Xcc), the causal organism of citrus scab. Of these, Copper-Count-N containing 
8% metallic Cu was comparable or superior to other compounds averaging 50% Cu in 
controlling epiphytic populations of Xcc. Agrimycin was also quite effective in this 
respect (McGuire, 1988). In yield loss studies in wheat, the use of foliar sprays to
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maintain disease free control plots has not been successful (Shane et al., 1987). 
Currently no chemical, for either seed or foliar application, is recommended for 
control of bacterial streak in wheat.
Early investigators suggested plowing under crop residues and destroying 
perennial weeds that may harbor Xct as well as using clean seed as possible control 
measures (Boosalis, 1952; Smith, 1917). In Arkansas, the pathogen apparently does 
not oversummer in crop debris or on weeds so this may not be an effective control 
measure in the Southern USA (Milus and Mirlohi, 1994a). In Europe, where leaf 
streak apparently does not occur, the European and Mediterranean Plant Protection 
Organization (EPPO) has recommended Xct as a potential quarantine organism (Paul 
and Smith, 1989). Given the current lack of practical chemical control, it is likely 
that cultivar resistance will play an important role in the control of bacterial streak 
(Cunfer, 1988; Cunfer and Scolari, 1982; Duveiller et al., 1991; Duveiller et al., 
1993).
Resistance to Leaf Streak in Wheat and Triticale
Resistance to Xct in the triticale cultivars Siskiyou, M2A-Beagle and OK77842 
was found to be controlled by a single dominant gene (Johnson et al., 1987). Two 
triticale germplasm lines have been released from Georgia which possess the dominant 
gene in the homozygous condition (Johnson et al., 1989). If the resistance in triticale 
is confirmed, transfer of the gene into wheat may be possible. For example, 
resistance to speckled leaf blotch in triticale has been successfully transferred into
hexaploid wheat (May, 1983). In addition, CIMMYT uses hexaploid wheat/triticale 
crosses in their triticale breeding program (Barker et al., 1989).
In Mexico, analysis of a five parent diallel in wheat showed five genes of 
different strength segregating among the progeny (Duveiller et al., 1993). Severity of 
leaf streak on Fj plants was intermediate between the parents indicating that resistance 
is incompletely dominant or possibly additive. In Louisiana, promising sources of 
resistance have been identified but there appears to be a continuous gradient among 
wheat genotypes for reaction to leaf streak, indicating that resistance is probably 
quantitatively inherited (Kursell, 1991). Adding to the theory of quantitative 
inheritance is the fact that there is no evidence for genotype specific races of Xct 
(Milus and Chalkley, 1994).
Screening for Resistance to Leaf Streak in Wheat
Many methods have been used to artificially inoculate wheat plants with Xct in 
the field and greenhouse. These methods include spraying plants with bacterial 
suspensions (Bamberg, 1936; Jones et al., 1917), vacuum infiltration (Boosalis,
1950), rubbing a suspension on the leaf with fingers, injection of a suspension using a 
syringe (Bamberg, 1936), piercing the leaf with a needle and flooding with a bacterial 
suspension (Jones et al., 1917), and mowing off the tops of the plants and spraying 
with a suspension (Kim, 1982). In Louisiana, a greenhouse study indicated that 
misting plants with a bacterial suspension at Feekes’ growth stage 7 gave the highest 
level of leaf streak (Kursell, 1991). Unfortunately, greenhouse reactions to Xct 
inoculation failed to correlate well with field reaction in barley and this appears to be
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true with wheat (Kim, 1982). However, some positive correlations have been found 
between greenhouse and field disease severity measurements in Louisiana (S.A. 
Harrison, 1991, personal communication). A more recent technique uses disease 
reactions from a syringe inoculation technique to rank cultivars (Milus and Mirlohi, 
1994b). In Mexico, field inoculation is accomplished in the summer season by 
spraying plants after the tillering stage with an inoculum mixture containing about 109 
cfu/ml (Duveiller, 1989a; Duveiller et al., 1993). A similar method has been used in 
Louisiana in winter wheat (Kursell, 1991). Measurement of disease is usually done 
on the flag leaves and two guides have been published guides to aid researches in 
estimating the leaf streak severity on flag leaves of wheat (Duveiller, 1994; James, 
1971).
CHAPTER 2
Relationship Between the Black Chaff and Leaf Streak Symptoms Caused by 
Xanthomonas campestris pv. translucens in Winter Wheat
The three symptoms caused by Xct in wheat are leaf streak, black chaff and 
peduncle lesions. On leaves of wheat, Xct causes water-soaked spots that elongate 
rapidly, following the parallel vernation of the leaf. The water-soaked lesions quickly 
dry and become necrotic resulting in leaves with a streaked appearance (Cunfer,
1987; Wiese, 1987). However, the lesions often coalesce forming blotches on the 
leaves (Duveiller, 1994). Under wet conditions provided by heavy dew or rainfall, 
the lesions appear water-soaked and translucent. In the early literature, the disease 
was commonly called black chaff (Bamberg, 1936; Smith et al., 1919; Waldron,
1929) even though symptoms on the leaves and peduncles were recognized to be 
caused by the same pathogen. Black chaff is descriptive of a darkening of the glumes 
of wheat. A given glume is usually only partially blackened and unlike the leaf streak 
symptoms, blackened areas do not dry out and become necrotic nor do they appear 
water-soaked and translucent. Lesions on the peduncles are normally dark, but may 
have a pale white center and can completely surround the culm.
Darkening of the glumes of wheat is not caused solely by Xct. Studies have 
shown that darkening of the glumes, peduncles and other plant parts can also be 
induced by high temperature and light intensity and humidity in certain stem rust 
resistant cultivars (Broadfoot and Robertson, 1933; Johnson and Harborg, 1944). The
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reaction may be a pleiotropic effect of stem rust resistance genes resulting from 
environmental extremes and should be considered distinct from black chaff caused by 
Xct (Broadfoot and Robertson, 1933; Duveiller et al., 1993). In addition, a genetic 
factor has been documented to cause darkening of the glumes independently of stem 
rust resistance genes (Woo and Smith, 1962). For these reasons, black chaff 
symptoms are not considered to be reliable indicators of the level of disease in all 
cultivars and have largely been ignored in research on this disease (Duveiller et al., 
1991). Darkening of the glumes caused by factors other than Xct should be 
distinguished from black chaff caused by Xct and will be referred to herein as pseudo­
black chaff (Broadfoot and Robertson, 1933).
In the winter wheat cultivars tested in Louisiana, I have noticed that most 
cultivars are apparently susceptible to both black chaff and leaf streak caused by Xct.
It has been assumed that in a given cultivar, the level of black chaff and leaf streak 
would be roughly proportional if caused by Xct. In fact, rating scales used for the 
statewide variety tests in Louisiana take into account both black chaff and leaf streak 
(Harrison et al., 1992, 1993, & 1994). Preliminary field studies begun in 1991-92 
have shown that black chaff and leaf streak ratings are not correlated. This result 
may be expected if the black chaff observed was not caused by Xct. However, one 
cultivar, Florida 304, has been identified as being almost totally resistant to black 
chaff but very susceptible to leaf streak. The objective of this study was to determine 
if indeed Florida 304 is resistant to black chaff but susceptible to leaf streak when 
both symptoms are caused by Xct.
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MATERIALS AND METHODS 
Preliminary Field Studies
Preliminary data on correlations between black chaff and leaf streak in field 
experiments will be presented in this chapter. The two experiments from which this 
data is obtained are described in detail in Chapters 3 & 5. From the experiment 
described in Chapter 3, data on black chaff and leaf streak severity are from 15 soft 
red winter wheat genotypes grown at the Dean Lee Research Station in Alexandria,
LA in 1994. Some of these 15 genotypes are cultivars recommenced for planting in 
Louisiana and all have been tested in the annual statewide Louisiana Wheat Variety 
Tests (Harrison et al., 1992 & 1994). From the experiment described in Chapter 5, 
data on black chaff and leaf streak severity are from 380 USDA bread wheat lines 
plus five wheat cultivars and two triticale lines grown at the Ben Hur Plant Science 
Farm in Baton Rouge, LA in 1993 and 1994. The 380 USDA lines come from all 
over world and the seven other lines were used as resistant or susceptible controls.
Data on black chaff from both experiments was collected by estimating the percentage 
of the glume area showing black chaff. Data on leaf streak severity was collected by 
estimating the percentage of the flag leaf area showing symptoms of leaf streak. The 
diagrams of Duveiller (1994) were used as guides to estimating the leaf streak 
severity. In the experiment with the 380 USDA lines, all plants were inoculated with 
Xct. In the experiment with the 15 soft red winter genotypes, a non-inoculated 
control was included but only small differences in disease levels could be detected 
between inoculated and non-inoculated plants (Chapter 3, this volume). Therefore,
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the data from that experiment were combined across inoculation levels for this 
analysis. Correlations between mean black chaff and mean leaf streak ratings of each 
genotype were computed using the CORR Procedure of SAS (SAS Institute, 1990). 
Greenhouse Studies
In order to isolate the abiotic causes of pseudo-black chaff from black chaff 
caused by Xct, a greenhouse experiment was conducted such that exposure of plants to 
Xct could be strictly controlled. A randomized complete block design with five 
replications and two treatments in a factorial arrangement was used. Treatments 
consisted of the four genotypes (Florida 304, Terral 101, Coker 9877 and LA85426) 
and two levels of exposure to Xct (inoculated and non-inoculated). A complete set of 
non-inoculated controls was necessary to prove that pseudo-black chaff did not 
confound black chaff caused by Xct. The experiment was conducted twice in the 
same greenhouse in Baton Rouge, LA. The first experiment was conducted during 
September-October 1993 and the second experiment was conducted during December 
1993-January 1994. Although the greenhouse is heated and cooled, there are 
fluctuations in growing conditions depending on the season of the year and prevailing 
weather conditions. This is especially true for light intensity since the greenhouse is 
not lighted and the glass was covered with a coat of whitewash to help maintain cool 
temperatures during the warm summer months. However, it was observed in that 
temperatures were generally cooler in the greenhouse during the second experiment 
than during the first experiment. In general, however, temperatures in the greenhouse 
reached a maximum on a sunny day of about 30° C and a minimum of about 22° C.
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In the field in Louisiana, Florida 304 is susceptible to leaf streak (Chapter 3, 
this volume), Terral 101 is resistant and Coker 9877 is intermediate (Kursell, 1991). 
Both Coker 9877 and Terral 101 show black chaff symptoms in the field but Florida 
304 is apparently resistant to black chaff. The breeding line LA85426 was selected 
for this study because it showed very severe black chaff in the field in 1993. No 
information was available on the reaction of LA85426 to leaf streak.
Before transplanting to the greenhouse, seedlings were vernalized in a growth 
chamber for at least one month at a temperatures of 3-8° C with lighting provided for 
a 10 hour period. Three to five seedlings of each genotype were then transplanted 
into 7.6-L plastic pots containing a commercial potting mixture. At transplanting, 
each pot received 2-3 g of Sierra brand 17-6-12, 3 to 4 month controlled release 
fertilizer.
When plants had headed and flowered, three tillers in each pot were marked 
with a small red tag. On each of these tillers, the spike and the flag leaf were either 
inoculated with a mixture of the three virulent isolates of Xct or sprayed with distilled 
water. The night before inoculation, the soil was watered well and plants were 
misted with deionized water for 5 seconds every five minutes for a total of 8 hours to 
increase tissue water levels. Having the plants saturated with water before inoculation 
has been shown to improve symptom development in the greenhouse (Kursell, 1991). 
The next morning, the spikes and flag leaves were sprayed with the inoculum mixture 
using a Paasche brand artists airbrush equipped with the H-5 color adjusting part and 
the HC-5 aircap. A tank of compressed CO2 set at 1.38xl05 Pa was used to provide
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pressure for the airbrush. At these settings, the airbrush delivers about 0.5ml/s.
Each flag leaf and spike was sprayed until entirely wet (about 3 seconds) but not until 
runoff. The inoculum was allowed to dry all day.
Throughout the rest of the experiment, the plants were misted with deionized 
water for 8 hours each night at intervals of 5 seconds every 5 minutes. Previous 
studies have shown that misting at night aided leaf streak development in the 
greenhouse. To maintain soil moisture, pots were watered with tap water each day.
In addition to watering the soil, plants were gently wetted with from the top down.
The three isolates of Xct used in this study are designated Xct90-1, Xct-41 and 
Xct-42 and are maintained on silica gel in a freezer at approximately -20°C. Before 
inoculation several silica gel crystals harboring each isolate were placed onto 
Wilbrink’s medium (Sands, et al., 1986). When the colonies were large enough, a 
loop of cells was transferred from Wilbrink’s medium into liquid 523 medium 
(Schaad, 1988). The cultures in 523 medium were incubated at room temperature for 
two or three days on a orbital shaker set at 200 rpm. The inoculum suspension was 
diluted to an optical density of 0.10 at 620 nm using a spectrophotometer. This 
method produces a concentration of about 108 cfu/ml (C.A. Clark, 1992, personal 
communication).
Plants were evaluated for symptom development at 18 days after inoculation in 
the first experiment and at 26 days after inoculation in the second experiment. The 
three marked flag leaves in a pot were individually evaluated for the percentage of the 
blade showing symptoms of leaf streak. Likewise, the percentage of the glumes/spike
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with black chaff was estimated by counting the total number of glumes/spike with 
black chaff and dividing that number by the total number of glumes/spike. Data on 
individual flag leaves or spikes from a given pot was averaged and the average data 
for black chaff and leaf streak/pot was used in the analysis.
Data were analyzed with the GLM Procedure of SAS (SAS Institute, 1989) 
using the fixed model:
Yijki=u + R(E)jj + Ej + Gk + I, + GIU + GEkj + eijkl, 
were ’u’ denotes the overall mean, ’Y’ denotes the observed values of leaf streak or 
black chaff, ’R’ denotes replications (blocks), ’E’ denotes experiments, ’G’ denotes 
genotypes, ’I’ denotes inoculation levels, and ’e’ denotes the residual error. A 
reduced model, without the inoculation treatment, was also analyzed to accurately 
show the mean levels of black chaff and leaf streak for each genotype. Differences 




There were no positive correlations between black chaff and leaf streak in the 
field among the 15 soft red winter wheat lines nor among the 387 USDA lines (Table 
2.1). Among the 387 USDA lines, black chaff ratings in a single year were not 
correlated with leaf streak ratings in the same year. However, low negative 
correlations were observed between the mean leaf streak severity across 1993 and 
1994 and black chaff in 1994 (-0.14**), between leaf streak severity in 1993 and
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black chaff in 1994 (-0.17**), and between mean black chaff across 1993 and 1994
and leaf streak severity in 1993 (-0.13*). There was no correlation between mean
leaf streak severity across 1993 and 1994 and mean black chaff across 1993 and 1994.
Table 2.1. Relationship between black chaff and leaf streak symptoms on wheat 
inoculated with Xanthomonas campestris pv. translucens in the field.
Leaf streakf
USDA bread wheat linesj:______  Soft red
Black chaff f^ 1993 1994 mean 1993-94 winter wheat§
USDA bread wheat lines 
1993 0.01 0.03 0.03
1994 -0.17** 0.00 -0.14** -
mean 1993-94 -0.13* 0.00 -0.09 -
Soft red winter wheat - - - -0.32
t  Percentage of the flag leaf area showing symptoms of leaf streak.
$ Data for leaf streak and black chaff are from 380 USDA bread wheat lines plus five
wheat cultivars and two triticale lines.
§ Data on leaf streak and black chaff are from 15 soft red winter wheat genotypes.
K Percentage of the glume area showing symptoms of black chaff.
These field results show that leaf streak and black chaff severity are not 
related in the field. This indicates that some wheat genotypes may not be equally 
resistant to black chaff and leaf streak or that pseudo-black chaff confounded the 
results. In the field, it is impossible to determine if the black chaff symptoms were 
caused by Xct or the abiotic conditions discussed earlier because all plants were 
inoculated or the non-inoculated control failed to remain disease-free. It is very 
difficult to control the movement of Xct in the field even when a non-inoculated 
control is included (Chapter 3, this volume; Shane et al., 1987). In order to 
adequately control the movement of Xct and create a truly non-inoculated control, a 
greenhouse test is required. In such an environment, it should be possible to
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determine if wheat genotypes can be resistant black chaff caused by Xct but 
susceptible to leaf streak or visa versa.
Greenhouse Studies
In both greenhouse experiments, no black chaff or leaf streak symptoms 
developed on plants that were not inoculated. This result shows that neither the 
environmental nor the genetic factors, that are required for expression of pseudo-black 
chaff were present in these studies. It also demonstrates that all of the black chaff 
symptoms observed in this study were caused by Xct. The analysis of variance for 
the full model shows clearly that differences were observed between inoculated and 
non-inoculated treatments (Table 2.2).
Table 2.2. Analysis of variance for black chaff and leaf streak severity on four 
genotypes of winter wheat with and without inoculation with Xanthomonas campestris 
pv. translucens in the greenhouse.
Source df
Mean squares













%2 %2 %2 %L %2 %2
Experiment (E) - - - - - 1 g37*** 940*
Replication(E) 4 53 168 4 43 8 28 105
Inoculation (I) 1 3566*** 6751*** 1505*** 1 3084*** 7317***
Genotype (G) 3 1007***
*Tt*00 162*** 178* 3 g!4*** 276
G x I 3 1007*** 845* 162*** 178* 3 g!4*** 276
G x E - - - - - 3 355** 747**
Residual 28 44 217 14 43 60 59 174
*,**, *** Significant at the 0.05 and 0.001 probability levels, respectively, 
t  Black chaff measured as a percentage of the glumes/spike with black chaff, 
t  Percentage of the flag leaf area showing symptoms of leaf streak.
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Because the assumption can now be safely made that only Xct caused black 
chaff symptoms in this study, the reduced model will be used to discuss the results for 
the remainder of the chapter. The reduced model is preferred because the genotype 
means for black chaff and leaf streak are not averaged over a non-inoculated 
treatment in which there was no disease.
In each experiment individually, there were overall differences between 
genotypes for both black chaff and leaf streak (Table 2.3). However, when 
experiments were combined, there were overall differences among genotypes for 
black chaff but not leaf streak.
Table 2.3. Analysis of variance for black chaff and leaf streak severity on four 

















%2 %2 %2 %2 %2 %2
Experiment (E) - - - - - 1 1673** 1881*
Replication(E) 4 105 336 7 86 8 56 212
Genotype(G) 3 2013*** 1689* 324** 358* 3 1628** 553
G x E - - - - - 3 709** 1494* *
Residual 12 86 450 32 87 24 59 269
*,**,*** significant at the 0.05, 0.01, and 0.001 probability levels, respectively, 
f  Black chaff measured as a percentage of the glumes/spike with black chaff, 
f  Percentage of the flag leaf area showing symptoms of leaf streak.
27
There was also genotype by experiment interaction for leaf streak and black 
chaff severity. The variation in leaf streak among the genotypes from one experiment 
to the next is evident from the means (Table 2.4). Most notably, Coker 9877, which 
has an intermediate reaction to leaf streak in the field, had the lowest leaf streak 
severity in the first experiment but the highest in the second experiment. Likewise, 
LA85426 had the second highest leaf streak severity in the first experiment but tied 
for the lowest in the second experiment. This lack of consistency in greenhouse 
ratings for leaf streak has been observed by others (E.A. Milus, 1994, personal 
communication). The genotype by experiment interaction for black chaff severity is 
also apparent the from the means (Table 2.4). Both LA85426 and Coker 9877 had 
the highest black chaff severity in experiment one but in the second experiment, black 
chaff severity on glumes of LA85426 was not different from that on Terral 101 and 
Florida 304.
The observed genotype by experiment interaction may be caused by 
differences in the growing conditions between the two experiments. As described 
earlier, the temperatures in the greenhouse during second experiment were observed 
to be cooler than in the first experiment. This may account fact that symptoms were 
expressed eight days earlier in the first experiment compared to the second 
experiment. Genotype by environment interaction for leaf streak severity is 
commonly seen in the field (Chapters 3,4 & 5, this volume) and should not be totally 
unexpected in the greenhouse. For these reasons, it seems appropriate treat 
experiments as separate environments and to use the average response of genotypes
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Table 2.4. Mean black chaff and leaf streak severity caused by Xanthomonas 
campestris pv. translucens in four genotypes of winter wheat grown in the 
greenhouse.
Means
Experiment 1 Experiment 2
Genotype Black chafff Leaf streakf Black chafff Leaf streakf
% % % %
LA85426 42 40 5 6
Coker 9887 29 4 17 24
Terral 101 4 18 1 6
Florida 304 0 42 0 13
Mean 19 26 6 12
C.V. (%) 49 82 94 76
L.S.D. (0.05) 13 29 8 13
t  Black chaff measured as a percentage of the glumes/spike with black chaff, 
f  Percentage of the flag leaf area showing symptoms of leaf streak.
across experiments for comparing the genotypes. The means combined across 
experiments are closer to what is observed in the field for both leaf streak and black 
chaff (Fig 2.1). In the combined analysis, Terral 101 had less leaf streak than Florida 
304 but there were no differences in leaf streak severity between any other 
combination of genotypes. The most interesting comparison is between Florida 304 
and LA85426. Both of these genotypes had greater than 20% of the flag leaf area 
showing symptoms of leaf streak but LA85426 had 24% of the glumes/spike covered 
with black chaff and Florida 304 had no black chaff symptoms. Florida 304 is a 
unique genotype in this respect and thus far is the only genotype that has been
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identified in Louisiana that is susceptible to leaf streak but not to black chaff. To my 
knowledge, there has not been another report of this phenomenon occurring with the 
disease caused by Xct.
LA 85428 C o k er 9877  Terral 101 F lorida 304 
GENOTYPE
Fig. 2.1. The reaction of four soft red winter wheat genotypes to black 
chaff and bacterial leaf streak caused by Xanthomonas campestris pv. 
translucens in the greenhouse. Bars with different letters are different by 
Fisher’s LSD at a=0.05.
These results indicate that reaction to black chaff and leaf streak in wheat
may be independently inherited. It is known that leaf streak is inherited in a 
quantitative manner (Chapters 4 and 5, this volume; Duveiller, et al., 1993), 
however, no information is currently available on the inheritance of reaction to black 
chaff in wheat.
Previous evidence has shown that pseudo-black chaff can be induced by high 
temperature and light intensity in certain wheat genotypes containing stem rust
- . 3 5 35
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resistance genes (Broadfoot and Robertson, 1933; Johnson and Harborg, 1944; Woo 
and Smith, 1962). For these reasons, black chaff has largely been ignored in research 
on the disease. This study provides another piece of evidence showing that black 
chaff symptoms, even when they are caused by Xct, may not be reliable indicators of 
reaction to leaf streak in some genotypes. It also indicates that there is a genetic 
component of reaction to black chaff caused by Xct and that it may be independent of 
the inheritance of reaction to leaf streak. For these reasons, research into controlling 
this disease should focus either on black chaff or leaf streak. From a plant breeders 
standpoint, the most important factor in deciding which of the two symptoms is 
worthy of study is determining which, if either, of them cause yield loss. Because of 
the confounding effect of pseudo-black chaff, no studies have been conducted to 
determine if black chaff caused by Xct is related to yield loss. However, there is 
ample evidence to show that leaf streak causes yield loss (Chapter 3, this volume; 
Duveiller and Maraite, 1993; Forster and Schaad, 1988; Shane, et al., 1986).
Because of the unique reaction of Florida 304 to black chaff and leaf streak, its use in 
yield loss studies could help answer the question of whether there is a relationship 
between black chaff and yield loss.
CHAPTER 3
Yield Loss Caused by Bacterial Leaf Streak in Winter Wheat
The results of Chapter 2 showed that the severity of black chaff and leaf 
streak are not correlated in the field. In addition, one cultivar, Florida 304, was 
identified as being resistant to black chaff but susceptible to leaf streak, establishing 
that the symptoms caused by Xct may not be proportional in certain cultivars. This 
phenomenon could partly describe the lack of correlation between leaf streak and 
black chaff in the field. These results as well as the confounding effects of pseudo­
black chaff lead to the conclusion that research should focus on one symptom or the 
other. This is important in a breeding program because if two characters (eg. leaf 
streak and black chaff) are not genetically correlated, selection for one character will 
not change the other. The criteria for deciding which symptom is most important lies 
in determining which, if either, of the symptoms is related to yield loss.
The results of several studies have shown that leaf streak severity on flag 
leaves is related to yield loss in spring or summer wheat (Duveiller and Maraite,
1993; Shane et al., 1987). Given the importance of the flag leaf in determining the 
yield of wheat (Simmons, 1987), the relationship between yield and leaf steak is not 
unexpected. Leaf streak is usually not expressed in the plant until after the boot stage 
(Duveiller, 1989a). Because of this, leaf streak affects yield by reducing the grain 
weight/spike, and sometimes the number of grains/spike, but it apparently does not 
affect the total number of tillers (Duveiller and Maraite, 1993; Shane et al., 1987).
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There is currently no information available on the relationship between 
black chaff and yield in wheat. This is partly due to the fact that there is no way to 
determine if black chaff in the field is actually caused by Xct, or by one of the other 
abiotic factors discussed in Chapter 2. Since Florida 304 is resistant to black chaff 
but susceptible to leaf streak, it provides a unique control in determining if leaf streak 
is related to yield loss independently of black chaff. The main objective of the 
research presented in this chapter is to determine if a relationship exists between the 
leaf streak severity on flag leaves and grain yield in winter wheat and, if so, to 
quantify yield loss caused by Xct in susceptible cultivars. A second objective is to 
determine if leaf streak is related to yield loss independently of black chaff. Two 
preliminary whole plots studies are presented which helped to formulate the methods 
used to study yield loss in remainder of the chapter. There is currently only minimal 
information on yield loss caused by this disease in winter wheat.
MATERIALS AND METHODS 
The relationship between leaf streak severity on flag leaves and yield and 
yield components of winter wheat was studied using whole plots and single tillers at 
the Dean Lee Research Station in Alexandria, LA and the Ben Hur Plant Science Unit 
in Baton Rouge, LA.
Preliminary Whole Plot Studies
In the first study, the cultivar Coker 9227, which was identified as being 
susceptible to leaf streak in Louisiana (Kursell, 1991), was used to test the efficacy of 
bactericidal chemicals in maintaining leaf streak-free plots. Treatments consisted of 
the three bactericidal chemicals, Kocide 101 (a.i. metallic copper, 50%, Kocide
Chem. Corp.), Copper-Count-N (a.i. metallic copper, 8%; Mineral Research and 
Development Corp.), and Agri-strep (a.i. streptomycin sulfate, 21%; Merek & Co., 
Inc.) and a water control and two levels of exposure to Xct (inoculated and non- 
inoculated). The experimental design was a randomized complete block with a split 
plot treatment arrangement in which the two inoculation treatments were applied to 
whole plots and the chemical treatments were applied to subplots. There were four 
replications (blocks). Plots were seeded on 11 November, 1991 at a rate of 100 
kg/ha. The harvested plot size was 5.3m2. Plants were supplied with 100 kg/ha of 
nitrogen as ammonium nitrate in late February, 1992.
The inoculation treatment was applied on 28, February, 1992. A C 02 
driven backpack sprayer with a 1.52m-wide boom equipped with four 11002VS 
Teejet® nozzles was used to deliver the inoculum. The boom was wide enough to 
cover the entire width of the plot. The apparatus was calibrated to spray 280 L/ha at 
a pressure of 2.70 x 105Pa. Inoculum storage and preparation methods were the 
same as described in Chapter 2.
Rates of application for the bactericides were 706g a.i./ha (Agri-strep®), 1.7 
kg a.i./ha (Kocide 101®), and 440 g a.i./ha (Copper-Count-N®). The chemicals were 
applied using the same apparatus and calibrations as described above and were applied 
three times during the season, on 27 February, 12 March and 25 March, 1992.
Plots were rated for leaf streak severity on a 1-9 scale where 1 = low 
disease and 9 = severely diseased. The incidence of peduncle lesions was also 
estimated by counting the number of peduncles with lesions per 0.30m row. At 
maturity, two 0.30m sections of row were harvested to determine the number of
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spikes/m2, grain weight/spike, and the weight of 100 grains. Additionally, the whole 
plot was mechanically harvested on 20 May, 1992 to determine yield and test weight. 
Yield was adjusted to 13% moisture.
The data were analyzed with the GLM Procedure of SAS (SAS Institute, 
1989) using the fixed model:
Yijk= u +  Rj + Ij + RIjj + Tk + eijk, 
were ’u’ denotes the overall mean, ’Y’ denotes the observed values, ’R’ denotes 
replications (blocks), ’T’ denotes the treatment effect of chemicals, and ’e’ denotes 
the residual error. Differences between treatment means were tested using the LSD 
option of the MEANS statement. The differences between inoculation treatment 
means were tested with the whole plot error (RIjj).
In the second study, five soft red winter wheat cultivars, Terral 101, Coker 
9766, Coker 9877, Coker 9227 and Florida 304 were subjected to two levels of 
exposure to Xct (inoculated and non-inoculated). The experimental design was a 
randomized complete block with a split plot treatment arrangement in which 
inoculation levels were applied to whole plots and cultivars were applied to subplots. 
There were four replications (blocks).
Planting dates, timing and method of inoculation, and data collection and 
data analysis were the same as described for the first study. In both studies, plots 
were protected from infection by foliar fungi with at least two sprays of Tilt 3.6EC 
(propiconazole) fungicide at a rate of 126g a.i./ha.
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Whole Plot Studies
Whole plot studies were planted on 22 November and 15 December, 1993, 
in Baton Rouge and Alexandria, LA, respectively. The seeding rate was lOOkg/ha at 
both locations and the harvested plot size was 5.3 m2 in Baton Rouge and 4.2 m2 in 
Alexandria. Plants were supplied with 100 kg/ha of nitrogen as ammonium nitrate in 
mid- to late-February. All plots were protected from infection by foliar fungi as 
described above.
Treatments consisted of 15 soft red winter wheat genotypes which are 
recommended for planting in Louisiana or are being tested in the statewide Wheat 
Variety Tests (Harrison et al., 1994) and two levels of exposure to Xct (inoculated 
and non-inoculated). Of the 15 genotypes, all were common to both locations except 
Coker 9766 which was used to replace Coker 9877 in a second planting at Alexandria 
after heavy rain destroyed the original planting. Treatments were arranged in a 2x15 
factorial in a randomized complete block design with three blocks in Baton Rouge and 
four blocks in Alexandria.
The inoculation treatment was applied on 29 March, and 7 April, 1994, in 
Baton Rouge and Alexandria, respectively. In both locations, plants were between 
Feekes’ growth stage (GS) 7 and 10.3 (Large, 1954). The time of inoculation in 
relation to plant growth stage was delayed as long as possible because Xct is capable 
of rapid spread and without a chemical control measure, the maintenance of disease- 
free plots is difficult (Shane et al., 1987). In Alexandria, leaf streak from natural 
infestation had occurred by the time of inoculation. The plants were inoculated early 
in the morning while the dew was present. The methods used for inoculum
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preparation are exactly as described in Chapter 2. The inoculum was applied in the 
same manner as described previously in this chapter.
To determine the leaf streak severity, ten random flag leaves/plot were 
evaluated for the percentage of the leaf area showing symptoms of leaf streak. The 
average leaf streak severity of the ten randomly selected flag leaves/plot was used for 
the leaf streak severity for that plot. The keys of Duveiller (1994) were used as a 
guide to estimating leaf streak severity on individual flag leaves. Estimates were 
made on 27 April, 1994 at Baton Rouge and on 26 April, 1994 at Alexandria. On 
average, plants were at GS 10.5.4 to 11.1 on 22 and 26 April in Baton Rouge and 
Alexandria, respectively.
At both locations, ten random heads were harvested from each plot to 
determine the number of grains/spike, the grain weight/spike and the 500 kernel 
weight. Whole plots were harvested mechanically on 20 May, 1994 in Baton Rouge 
and 2 June, 1994 in Alexandria and the grain was tested for moisture, test weight and 
yield. Yields were adjusted to 13% moisture.
The data combined across locations were analyzed with the GLM Procedure 
of SAS (SAS Institute, 1989) using the fixed model:
Yijk= u  +  R(L)jj + Lj +  Tk +  TLkj +  ejjk, 
were ’u’ denotes the overall mean, ’Y’ denotes the observed values, ’R ’ denotes 
replications, ’L ’ denotes the location, ’T’ denotes the treatment effect of combined 
genotypes and inoculation levels (2 x 13 = 26 treatment combinations), and ’e’ 
denotes the residual error. The difference between inoculated and non-inoculated
37
treatments and their standard errors for each cultivar were estimated using the 
ESTIMATE statement.
Single-Tiller Studies
Two cultivars that are susceptible to leaf streak caused by Xct, Florida 304 
and Savannah, were used in single tiller studies (Duveiller and Maraite, 1993; 
Richardson et al., 1975). As shown in Chapter 2, Florida 304 is resistant to black 
chaff caused by Xct and Savannah is susceptible to black chaff. In 1992-93, a field of 
Savannah that was naturally infested with Xct was used. In 1993, plots of Savannah 
were planted in Baton Rouge on 14 November and plots of Florida 304 were planted 
on 8 November. In Alexandria in 1993, plots of Florida 304 were planted on 15 
December. The plot size was 1.4 m2 and 4.2 m2 for Florida 304 in Baton Rouge 
and Alexandria, respectively. In 1993-94, the plot size of Savannah was 5.7 m2 
while in 1992-93, tagged tillers in a production field were spread over an area of 
approximately 1,000 m2. In each environment, single tillers were tagged and the 
percentage of the flag leaf area showing symptoms of leaf streak was estimated using 
Key No. 1.9 of James (1971) and the diagrams from Duveiller (1994) as guides. To 
examine the effect of time or plant maturity on leaf streak, tillers were marked at two 
different growth stages (GS 10.5.4 or GS 11.1) or the tillers that were marked at GS
10.5.4 were re-evaluated at GS 11.1. Specifically, tillers of Savannah were tagged at 
two different growth stages, 10.5.4 and 11.1. In Florida 304, tillers that were 
tagged at GS 10.5.4 were re-evaluated at GS 11.1 in Alexandria and at GS 11.1-11.2 
in Baton Rouge. In Baton Rouge, a second set of Florida 304 tillers was marked in 
two plots when plants were at GS 11.1. Black chaff on Savannah was quantified by
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estimating the percentage of the glume area covered with black chaff. In 1993-94, at 
least two plots of both cultivars at each location were used with the goal of marking 
50 tillers per plot representing the entire range of leaf streak on flag leaves in that 
plot. In all, 650 individual tillers were marked over the two locations and two years. 
The only plots that were inoculated in the single tiller study were the Florida 304 
plots in Baton Rouge in 1994. The method for inoculation was exactly as described 
in the previous section. Natural infection or infection from Xct sprayed on nearby 
plots occurred in all other cases.
Individual spikes were hand harvested in mid-May to early June in 1993 and 
1994 and hand threshed. After the grain had air dried for at least one month, the 
grain from each spike was weighed and counted.
The data from each cultivar at each location or year were analyzed with the 
REG procedure of SAS (SAS Institute, 1989) using the simple linear regression 
model:
Y = b0 + bx\ x + e,
where ’Y’ is the observed number of grains/spike or the grain weight/spike, ’b0’ is 
the intercept, ’bx is the slope of the regression line, ’x j’ is the leaf streak severity 
(in %). To test the difference between slopes and intercepts for different years, 
locations and cultivars, the following model was used:
Y = bQ + &2x2 + ^3x3 + e’
where ’Y’ is the observed grain number or weight/spike, 'b0' is the intercept, 'bx is 
the slope of the regression line, ’x j’ is the leaf streak severity, ’X2’ a categorical 
variable for the location, year or cultivar effect and is equal to 0 or 1, ’x3’ is the
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interaction between Xj and x2, and ’e’ is the residual error. This model 
simultaneously tests for differences in intercept (62) and slope (b3) between the two 
locations for Florida 304, the two years for Savannah and the two cultivars in 1994. 
Where there were no differences in slope between regression from different locations, 
years or cultivars, the model was reduced by dropping the &3X3 term and the data 
were re-analyzed.
RESULTS AND DISCUSSION 
Preliminary Whole Plot Studies
Both copper compounds, Kocide 101 and Copper-Count-N, were injurious 
to wheat causing irregular chlorotic and necrotic lesions on the leaves. This 
prevented accurate assessment of leaf streak severity. Therefore, these two treatments 
were dropped from the analysis. There were no differences between the Agri-strep 
and water treatments for yield, test weight, number of spikes/m2, grain weight/spike, 
or 100 kernel weight. In addition, there were no differences between the inoculated 
and non-inoculated treatments for these characters (Table 3.1). There was no 
interaction between treatments for yield or yield components.
Both the chemical and inoculation treatments affected leaf streak severity 
and the incidence of peduncle lesions/m2 (Table 3.2). There was an interaction 
between treatments for leaf streak severity at GS 11.1 and peduncle lesions but not 
for leaf streak severity at GS 10.5.4.
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Table 3.1. Mean squares for yield and yield components of winter wheat as 
influenced by inoculation with Xanthomonas campestris pv. translucens and treatment 











(kg/ha)2 (kg/m3)2 2no. g2 g2
Replication (R) 3 1392889* 79 1254 0.018 0.018
Inoculation (I) 1 68 33 2347 0.020 0.004
R x I 3 50059 54* 4448** 0.005 0.090 +
Chemical (C) 1 113 0 5 0.006 0.005
C x I 1 30736 27 261 0.007 0.014
Residual 5 25606 7 431 0.003 0.025
+ ,*,** Significant at the 0.10, 0.05 and 0.01 probability levels, respectively.
Table 3.2. Mean squares for leaf streak ratings and the incidence of peduncle 
lesions/m2 on winter wheat as influenced by inoculation with Xanthomonas campestris 
pv. translucens and treatment with Agri-strep (streptomycin sulfate).
Mean squares
Leaf streak
Feekes’ Feekes’ Incidence of
Source df GS 10.5.4 GS 11.1 peduncle lesions/m2
Replication (R) 3 0.2 0.4 48
Inoculation (I) 1 5.1** 9.0* 1043*
R x I 3 0.1 0.5 58
Chemical (C) 1 1.6* 1.0* 116*
C x I 1 0.6 2.3** 261**
Residual 5 0.2 0.1 14
*,** Significant at the 0.05 and 0.01 probability levels, respectively.
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In all cases, there was less disease in plots that were protected with 
Agri-strep. Likewise, there was always less disease in plots that were not inoculated 
with Xct (Table 3.3).
Table 3.3. Mean leaf streak severity and incidence of peduncle lesions/m2 in winter 
wheat as affected by inoculation and Agri-strep (streptomycin sulfate).
Leaf streak
Feekes’ Feekes’ Incidence of
Treatment GS 10.5.4 GS11.1 peduncle lesions/m2
------------ 1-9------------- no.
Agri-strep 1.4 1.6 17
Water 2.0 2.1 23
LSD(a=0.05) 0.5 0.4 5
Inoculated 2.3 2.6 28
Non-Inoculated 1.1 1.1 12
LSD(a=0.05) 0.4 1.1 12
In the second study, there was no effect of inoculation on yield or yield
components, but these characters were affected by cultivar (Table 3.4).
Table 3.4. Means square for yield and yield components of winter wheat as 
influenced by inoculation with Xanthomonas campestris pv. translucens and several 




grain weight 100-kemel 
i2 /spike weight
(kg/ha)2 (kg/m3)2 no.2 g2 gZ
Replication (R) 3 1331898 303 2211 0.018 0.006
Inoculation (I) 1 602114 7 2046 0.026 0.144
R x I 3 2561738*** 97 10567* 0.045 0.049
Cultivar (C) 4 531390*** 44g7*** 49107*** 0 157*** 0.651***
C x I 4 82701 12 1551 0.018 0.005
Residual 24 50725 34 2825 0.007 0.023
*,*** Significant at the 0.05 and 0.001 probability levels, respectively.
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There was a slight effect of inoculation on leaf streak severity and on 
incidence of peduncle lesions/m2 and a much larger effect of cultivar on these two 
characters (Table 3.5). A small cultivar x inoculation interaction was observed for 
leaf streak severity measured at GS 10.5.4.
Table 3.5. Mean squares for leaf streak severity and incidence of peduncle lesions/m2 
in winter wheat as influenced by inoculation with Xanthomonas campestris pv. 




GS 10.5.4 GS 11.1
Incidence of 
peduncle lesions/m2
Replication (R) 3 0.6 0.6 36
Inoculation (I) 1 4.9+ 7.2 + 251 +
R x  I 3 0.7 + 1.1 45
Cultivar (C) 4 2 9*** 4.8*** 1260***
C x I 4 0.7 + 0.9 95
Residual 24 0.3 0.5 44
+ ,*** Significant at the 0.10 and 0.001 probability levels, respectively.
Differences between inoculated and non-inoculated treatment means for each 
cultivar show that leaf streak severity at GS 10.5.4 in non-inoculated plots was less in 
Florida 304 and Coker 9877, but not the other cultivars. However, at GS 11.1, leaf 
streak severity was lower for the non-inoculated treatment in Coker 9227, Coker 
9766, and Coker 9877 but not in Florida 304 and Terral 101 (Table 3.6). The 
incidence of peduncle lesions/m2 in non-inoculated plots was less than inoculated plots 
in Coker 9227 but not in the other cultivars.
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There were no differences between inoculated and non-inoculated treatments 
in any cultivar for yield, test weight, grain weight/spike, number of spikes/m2, or 
100-kemel weight (Table 3.6).
Table 3.6. Differences between inoculated and non-inoculated treatment means for 
bacterial leaf streak ratings, yield and yield components in several soft red winter 
wheat cultivars.
















1-9 1-9 no. g no. g kg/ha kg/m3
Terral 101 0.0 0.0 5 0.04 -16 -0.08 -150 0.3
Coker 9227 0.5 1.5* 15* 0.02 14 -0.06 44 2.9
Coker 9766 0.5 1.3* 8 -0.01 -2 -0.16 -325 -2.9
Coker 9877 1.0* 1.3* -3 -0.13 58 -0.12 -198 -1.6
Florida 304 1.5* 0.3 0 -0.17 18 -0.18 -491 -2.9
SE of Diff.t 0.4 0.5 5 0.09 47 0.12 526 4.8
* Significantly different from zero if difference is greater than twice its standard 
error.
t  Standard error of the difference calculated for a split-plot as shown in Steel and 
Torrie (1980).
The results of the two preliminary whole plot studies indicate that a degree 
of difference in disease severity can be achieved using a non-inoculated control or 
Agri-strep as a protectant. However, the observed differences in leaf streak and 
incidence of peduncle lesions was apparently not enough to cause significant yield loss 
or the observed yield loss was too small to be detected with this experimental design.
44
The largest numerical difference in yield between inoculated and non-inoculated 
treatments was -491 kg/ha in Florida 304, or about 14% of the non-inoculated yield 
for that cultivar. According to the standard errors, a yield difference of greater than 
29% would be needed in order to be significant. Given this type of error, and if the 
yield losses observed in this study are true, it is doubtful that the split-plot design will 
be useful in studying yield loss caused by this disease.
The results of these experiments show that studying yield loss caused by this 
disease is difficult. One of the most difficult problems is in obtaining a disease-free 
control plot or at least large differences in disease between control and inoculated 
treatments. However, it appears that a differences in disease severity can be achieved 
between inoculated and non-inoculated plots. Repeated sprays of Agri-strep also 
reduced disease severity but the time required to apply this treatment is prohibitive if 
a large number of plots are used. The fact that differences can be obtained with a 
non-inoculated control also argues against using the chemical control. A second 
problem that these experiments have uncovered is that error in the split-plot treatment 
arrangement is veiy high, especially for yield and yield components.
From these studies, it became clear that different experimental designs, 
different methods for rating leaf streak severity and different approaches to creating a 
disease-free control were needed. Applying the inoculation treatment in a factorial 
treatment arrangement instead of the split-plot arrangement should reduce the standard 
errors. In addition, the 1-9 scale used for rating leaf streak severity in these 
experiment is not precise enough for these types of studies. It was concluded that 
evaluating plants for the percentage of the flag leaf area showing symptoms of leaf
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streak would be a much better method for this purpose. The experiments described in 
the remainder of this chapter used methods that should help to alleviate the problems 
of experimental design and obtaining a disease-free control. Specifically, the whole 
plot study applied the inoculation treatment in a factorial treatment arrangement. The 
single-tiller study relies on identifying tillers which by chance have little or no disease 
and using them as a disease free control.
Whole Plot Studies
The combined cultivar/inoculation treatment had significant effects on each 
of the yield components tested (Table 3.7). In addition, there was a significant 
location x treatment interaction effect for 500-kernel weight and grain weight/spike, 
but not for the number of grains/spike.















Replication(L) 5 12 0.03* 19*
Treatment (T) 25 23*** 0.15*** 107***
L * T 25 2** 0.02* 11
Residual 123 1 0.01 8
*,**, *** Significant at the 0.05, 0.01 and 0.001 probability levels, respectively.
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The treatments also affected leaf streak, yield and test weight. In addition, 
and the location x treatment interaction was significant for leaf streak and test weight 
(Table 3.8).
Table 3.8. Mean squares for leaf streak severity, yield and test weight of winter 
wheat as influenced by a combined cultivar/inoculation treatment.
df
Mean squares
Leaf streak at 
Feekes’ GS 10.5.4 Yield Test weight
%2 (kg/ha)2 (kg/m3)2
Location (L) 1 289.9 139755382 27888
Replication(L) 5 13.3*** 2596700*** 61
Treatment (T) 25 yj 7*** 575108*** 1218***
L * T 25 11 2*** 293404 105***
Residual 124 1.2 194594 44
*** Significant at the 0.001 probability level.
Several of the cultivars had higher leaf streak severity in inoculated versus 
non-inoculated plots (Table 3.9). In Pioneer 2548 leaf streak severity was 4.2% 
higher in inoculated plots, over twice that for any other cultivar. Differences between 
inoculated and non-inoculated treatments for yield, test weight and yield components 
were, in the great majority of cases, not significant (Table 3.9). However,
LA861A23 had lower test weight and 500-kemel weight in inoculated plots and 
Pioneer 2548 had lower grain weight/spike and fewer grains/spike.
Table 3.9. Differences between inoculated and non-inoculated treatments for leaf streak severity, yield, test weight and 
yield components of winter wheat grown at two locations in Louisiana.
Cultivar
Differences between inoculated and non-inoculated treatments
Leaf Streak 
at Feekes’ 







% kg/ha kg/m^ g g
Coker 9105 2 o** 43 -3.6 -0.13 -0.003 0.3
Coker 9134 1.7** -69 -2.4 -0.79 -0.034 0.3
Coker 9835 1.6* 360 0.1 -0.53 -0.061 -0.5
FFR 502W 1.5* -223 -1.2 -0.19 0.006 0.5
Florida 302 1.0 -98 -0.9 0.16 0.028 0.4
Florida 304 0.3 -343 -1.1 0.22 0.024 0.4
GA 83125 1.1 230 -5.8 0.47 -0.013 -1.2
LA 861A23 0.9 -114 -11.5** -1.47** -0.100 0.1
Pioneer 2548 4 2*** -68 -1.8 -0.05 -0.134* -4.3**
Pioneer 2566 1.5* 179 1.2 -0.14 0.007 0.8
Savannah 0.8 -126 0.9 -0.08 -0.094 -2.8
Terral 101 0.3 -159 0.2 0.07 -0.026 -1.0
Terral 8822 1.2* 101 2.9 0.38 -0.011 -1.4
*,**,*** Significant at the 0.05, 0.01 and 0.001 probability levels, respectively.
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The results of the whole plot study did not produce an estimate of yield 
loss. Although higher levels of leaf streak were observed in the inoculated plots of 7 
of the 13 cultivars, the largest difference was only 4.2% in Pioneer 2548. However, 
no corresponding yield decrease was observed in Pioneer 2548, although the grain 
weight/spike was 0.134 g less and there were an average of 4.3 fewer seeds/spike. 
These loses in grain weight/spike and number of grains/spike in inoculated plots of 
Pioneer 2548 could have been a result of the higher leaf streak severity in those plots. 
Pioneer 2548 is a known susceptible cultivar (Chapter 4, this volume; Kursell, 1991). 
The largest decrease in yield (inoculated minus non-inoculated) was 343 kg/ha in 
Florida 304 but it was not significantly different from zero. In addition, there was no 
difference between leaf streak in inoculated versus non-inoculated plots in Florida 
304. In fact, in several of the cases where higher leaf streak severity was observed, 
the yield differences (inoculated minus non-inoculated) were positive (Table 3.9).
In order for a yield difference to be significant, it must have been greater 
than 477 kg/ha. In the case of Florida 304, this is about a 9% reduction from the 
non-inoculated control. Thus, the factorial treatment arrangement seems to have 
helped to decrease the standard error in comparison to the split-plot treatment 
arrangement, which was used in the two preliminary experiments.
Whole plot studies have not provided any concrete estimates of actual yield 
loss caused by bacterial streak in winter wheat. This is probably due to the fact that 
only very small differences in leaf streak severity could be produced between 
inoculated and non-inoculated plots. Problems in manipulating Xct to maintain 
disease-free control plots in the field have also been noted in spring wheat (Shane et
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al., 1987). It has been suggested that increasing the distance between inoculated and 
non-inoculated plots might reduce the interplot interference caused by spread of Xct 
from plot to plot. However, in this study, placing the inoculation treatment in the 
whole plot of a split-plot treatment arrangement resulted in very high standard errors, 
especially for yield. On the other hand, arranging the treatments in a factorial, which 
places the inoculated plots in closer contact with non-inoculated plots, resulted in only 
very small differences in leaf streak severity. When the manipulation of the disease is 
difficult, as is the case with bacterial streak, the single-tiller method provides a way 
to study yield loss (Duveiller et al., 1993; Shane et al., 1987).
Single-Tiller Studies
The results of the single-tiller studies were very interesting. The range of 
leaf streak severity on flag leaves varied depending on the growth stage at rating.
When plants were evaluated at GS 10.5.4, leaf streak severity on flag leaves of 
Florida 304 ranged from 1% to 50% at Alexandria and 1% to 30% at Baton Rouge. 
However, when ratings of the same flag leaves were taken 10 days later at GS 11.1, 
the range was 7% to 80%. Similarly, at Baton Rouge when ratings of the same flag 
leaves were taken 20 days later, at GS 11.1-11.2, the range increased to 5% to 100%. 
A similar pattern was seen in Savannah. In the first rating, when plants were at GS
10.5.4, leaf streak severity ranged from 0% to 50% in 1993 and 0% to 35% in 1994. 
However, in a second rating of different tillers 12 and 13 days later, at GS 11.1, in 
1993 and 1994 respectively, the range was 1% to 80% in both years. Regardless of 
plant growth stage, it was difficult to find flag leaves showing a high percentage of 
leaf streak and considerably more effort was placed into finding such leaves. In
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Mexico, the level of bacterial streak on flag leaves tends to remain below 50% 
(Duveiller, 1994) and the same difficulty was encountered in a similar single-tiller 
yield loss study there (Duveiller and Maraite, 1993). These results confirm the 
difficulty of finding leaves with high levels of leaf streak in Louisiana and also show 
that the range of leaf streak severity on flag leaves can increase rapidly in the field on 
individual flag leaves. Black chaff was found very infrequently on Florida 304, but 
on Savannah, black chaff was observed frequently.
Regression analysis showed that in Savannah, both the number and weight 
of the grains/spike decreased as the leaf streak severity on the flag leaves at GS
10.5.4 increased (Figs. 3.1 & 3.2). Tests for differences between the slopes and 
intercepts in 1993 and 1994 showed no differences between the slopes but the grain 
weight/spike and the number of grains/spike was higher in 1993 than in 1994. The 
differences in grain weight/spike and number of grains/spike probably reflect 
differences in yield potential between the two years. For this reason, the average 
equation (1993 and 1994) is considered to be more reflective of the relationship 
between leaf streak severity and loss in grain weight/spike and the number of 
grains/spike. The average equation for grain weight/spike in Savannah (Y = 1.097- 
0.095x) predicts a 4% decrease in grain weight/spike if the flag leaf shows 5% leaf 
streak at GS 10.5.4. Likewise, the average equation for the number of grains/spike 
(Y=40.19-0.27x) predicts the loss of 1.3 grains on average from each spike if the 
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Fig. 3.1. Relationship between the grain weight/spike and the severity of 
leaf streak at GS 10.5.4 caused by Xanthomonas campestris pv. translucens 
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Fig. 3.2. Relationship between the number of grains/spike and the severity 
of leaf streak at GS 10.5.4 caused by Xanthomonas campestris pv. 
translucens in the winter wheat cultivar Savannah in Baton Rouge, LA in 
(a) 1993 and (b) 1994.
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When leaf streak severity was measured at GS 11.1 in Savannah in 1993, 
less than one grain/spike was lost on average for every 5% increase in leaf streak 
severity on the flag leaf (Y=53.49-0.15x, P > t for b j=0.009). There was no 
relationship between the number of grains/spike and leaf streak severity at GS 11.1 in 
1994. In addition, there was no relationship between the grain weight/spike and the 
leaf streak severity on flag leaves atGS 11.1-11.2 in 1993 or 1994 in Savannah. 
Likewise, black chaff severity in Savannah was not correlated with the leaf streak 
severity on flag leaves or the grain weight/spike or the number of grains/spike.
In Florida 304, the grain weight/spike decreased with increasing leaf streak 
severity at GS 10.5.4 in both Alexandria and Baton Rouge (Fig. 3.3). Tests for 
differences in slope and intercept for grain weight/spike between Baton Rouge and 
Alexandria showed no difference in slope between the two locations but the grain 
weight/spike was higher at Baton Rouge. As with the different years in Savannah, 
the differences in grain weight/spike between locations in Florida 304 indicate 
differences in yield potential. Thus, the average equation is considered to be 
reflective of the average grain weight/spike in Florida 304. The average equation 
(Y = 1.69-0.0145x) predicts a 4% decrease in grain weight/spike on average if the flag 
leaf shows 5% leaf streak at GS 10.5.4. When leaf streak was measured at GS 11.1 
in Alexandria, the grain weight/spike was reduced by an average of 1 % if the flag 
leaf showed 5% leaf streak (Y=1.49-0.003x, P>t=0.001 for b^). There was no 
relationship between leaf streak severity at GS 11.1 and grain weight/spike in Florida 
304 in Baton Rouge. In addition, there was no relationship between leaf streak 
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BACTERIAL STREAK ON FLAG LEAVES (%)
Fig. 3.3. Relationship between the grain weight/spike and the severity of 
leaf streak at GS 10.5.4 caused by Xanthomonas campestris pv. translucens 
in the winter wheat cultivar Florida 304 in (a) Alexandria and (b) Baton 
Rouge, LA.
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While the coefficients of determination, r2, are very low for many of the 
individual regressions, each regression coefficient, b, is significant to at least the 0.05 
probability level except the one in Fig. 3.2b which is significant at the 0.085 
probability level. Low coefficients of determination are to be expected in this type of 
analysis because the statistic depends on the number of observations per value of X 
(Gomez and Gomez, 1984). As the number of observations per X-value increases, 
the r2 will decrease. The single tiller method has been used to assess yield loss 
caused by disease in wheat and barley and the r2 values ranged from 0.01-0.17 and 
0.07-0.14 for those crops, respectively (Rees et al.,1981; Richardson et al., 1975).
The r2 values in the present study range from 0.05-0.20 (Figs. 3.1-3.3). One method 
used to improve the r2 is by grouping the disease data into categories and using the 
mean of each category as the X variable (Duveiller and Maraite, 1993). Another 
method is to use the raw mean of each disease category. This method relies on 
having enough observations at each level of X to insure that the mean is properly 
represented. To illustrate, I used the data from the graph in Fig. 3.3a and averaged 
the grain weight/spike within each category of leaf streak severity and used those 
points in a separate regression analysis. The resulting regression equation was 
Y=1.53-0.009x with an r2 of 0.78 compared to the equation in Fig. 3.3a of Y=1.53- 
O.OlOx with an r2 of 0.15. Averaging gave a better so-called fit, if only the r2 is 
considered but the information on variation within a given category of leaf streak 
severity is lost and the df are reduced. Variation in grain weight/spike or the number 
of grains/spike within a given category could be caused by spikes of different size and 
other factors not considered in the model that, in sum, cause more variation in the
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grain weight/spike and the number of grains/spike than leaf streak on flag leaves 
(Richardson et al., 1975). The total variation accounted for by regression should not 
be considered more important that the overall relationship defined by the slope of the 
regression line.
The regression equations in this study show a reduction in grain 
weight/spike at an earlier growth stage than those derived for spring wheat in Mexico 
and Minnesota. In only one case out of four, was there a relationship between 
bacterial streak atGS 11.1-11.2 and grain weight/spike (Florida 304, Alexandria 
1994). In this study, the greatest range of leaf streak was observed at GS 11.1-11.2. 
However, the expected relationship between the grain weight spike and the number of 
grains/spike and disease level at GS 11.1 was not observed or the severity/loss 
relationship was considerably less than when disease level was measured at GS
10.5.4. The reason that this occurred in this study is not totally clear. In the case of 
Florida 304, where leaf streak on the same flag leaf was measured twice (GS 10.5.4 
and GS 11.1), there was a low correlation (r=0.36 ) between leaf streak severity at 
GS 10.5.4 and that at GS 11.1-11.2 in Baton Rouge. In Alexandria, the correlation
sfc jjcbetween leaf streak seventy on flag leaves at GS 10.5.4 and 11.1 was 0.68 . This
suggests that symptom development on individual flag leaves may not be linear over 
time. In the case of Savannah, where an entirely different set of tillers was measured 
at each growth stage, there was not a relationship between leaf streak severity and 
grain weight/spike at GS 11.1 in either year. However, in 1993, there was a 
relationship between number of grains/spike and leaf streak at growth stage 11.1 even 
though the number of grains lost per unit increase in leaf streak severity was almost
half of the number lost at GS 10.5.4. This is in contrast to what has been observed 
in spring wheat in Minnesota where leaf streak severity was measured at GS 11.1- 
11.2 and was inversely related to 500-kemel weight and kernel plumpness (Shane et 
al., 1987). In Minnesota, the 500-kemel weight was reduced by 13% to 34% when 
100% of the flag leaf area showed symptoms of leaf streak at GS 11.1-11.2.
Likewise, in the susceptible cultivar Alondra in Mexico, 11% to 29% of the grain 
weight/spike was lost given 50% diseased flag leaf area at Zadoks’ growth stage 73- 
83 (Duveiller and Maraite, 1993) which equivalent to Feekes’ GS 11.1-11.2 (Zadoks 
et al., 1974). The equations presented here indicate a 10% to 50% reduction in the 
weight of the grain/spike when 50% of the flag leaf area is diseased at GS 10.5.4 to 
11.2. In fact, if only data from ratings taken at GS 10.5.4 are included, the reduction 
in grain weight/spike is 32% to 50% given 50% leaf streak severity on flag leaves. 
However, this comparison may be somewhat misleading because in the present study, 
the maximum leaf streak severity at GS 10.5.4 was only 35% in 1994 and 50% in 
1993. Thus, the maximum reduction in grain weight/spike that could occur at GS
10.5.4 ranges between 30% to 41%. In Idaho, 30% to 40% yield losses have been 
reported to occur in the most severely diseased fields (Forster and Schaad, 1988). 
Taken together, these data suggest that, in Louisiana, the best time to evaluate wheat 
for leaf streak is soon after flowering, at GS 10.5.4, even though this is not the time 
of maximum symptom development.
The fact that a reduction in the number of grains/spike occurred in Savannah 
indicates that the pathogen may have an effect on the plant before symptoms are 
usually apparent. Some spikes of Savannah were observed that were completely void
of seed apparently as a result of infection by Xct. There were no obvious signs of 
floret sterilization in Florida 304. These results and observations are consistent with 
the previous results showing a reduction in the number of grains/spike in Savannah 
due to leaf streak but not Florida 304. A reduction in the number of grains/spike was 
also observed in Mexico where, in two out of three years, the number of grains/spike 
decreased as the leaf streak severity on flag leaves increased (Duveiller and Maraite, 
1993). In Idaho in sprinkler irrigated fields, 5-10% of the heads in severely diseased 
wheat were found to be sterile (Forster and Schaad, 1988). However, in Minnesota, 
there was no relationship between the number of grains/spike and leaf streak severity 
(Shane et al., 1987). The fact that the number of grains/spike was not affected by 
leaf streak in Florida 304 may indicate the this characteristic has a genetic basis. It 
is interesting to note that Florida 304 is one of the most susceptible commercial 
cultivars to leaf streak in Louisiana, but it shows little or no black chaff symptoms 
(Chapter 2, this volume). Studies should be conducted to determine the genetic basis 
of the apparent resistance of Florida 304 to black chaff and to determine if this factor 
confers resistance to the reduction in the number of grains/spike observed in other 
cultivars.
The equations developed above and the one derived in Mexico describe the 
expected reduction in grain weight/spike over the entire range of leaf streak severity 
on flag leaves. However, even though the range of leaf streak severity on flag leaves 
can be wide (0-100%), more than 90% of the flag leaves from a susceptible cultivar 
in Mexico had below 30% leaf streak (Duveiller, 1994). The susceptible cultivar 
Alondra averaged 23.3% leaf streak on flag leaves and is the cultivar that was used to
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derived the average yield loss equation in Mexico (Duveiller and Maraite, 1993).
Using this information in the Mexican yield loss equation (Y = 1.762-0.007x), Alondra 
would lose about 9% of its potential yield. In the present study, a random sample of 
10 flag leaves from each of the four plots of Florida 304 in Alexandria in 1994 was 
examined to determine the average leaf streak severity. From this data, flag leaves 
from Florida 304 averaged 12% leaf streak severity at GS 10.5.4. Using the average 
equation derived in this study for Florida 304 (Y = 1.69-0.0145x), this amount of 
disease would cause a 10% reduction in grain weight/spike.
It would be desirable to apply the severity/loss relationships derived above 
for Savannah and Florida 304 to other winter wheat cultivars. Therefore, the 
difference between slopes and intercepts between Florida 304 and Savannah at Baton 
Rouge in 1994 were tested. There was no difference in the slope of the severity/loss 
relationship between the two cultivars but there was a difference between the 
intercepts. However, the intercept depends on the cultivar and/or environment 
anyway and is a parameter that can be directly measured for any given situation. The 
fact that there was no difference in the slopes of the severity/loss relationships 
between the two cultivars indicates that one slope can be used to describe the 
severity/loss relationship for all susceptible cultivars. From this study, the best 
estimate of that slope is the average of all the slopes from Figs. 3.1 and 3.3. Thus, 
the average relationship between leaf streak severity at GS 10.5.4 and grain 
weight/spike is -0.012x in susceptible winter wheat in Louisiana. This relationship 
was used to estimate the yield loss in several cultivars using data from the inoculated 
plots of whole plot study in Alexandria in 1994. Some explanation of this data is in
order. In Alexandria in 1994, disease pressure was much greater than in Baton 
Rouge in 1994, thus, corresponding reductions in the grain weight/spike would be 
expected. From this experiment, there is data on the leaf streak severity, grain 
weight/spike (average of ten spikes/plot) and yield. From the yield and grain 
weight/spike, an estimate of the number of spikes/m2 can be obtained. An estimate 
of the number of spikes/m2 is needed in order to calculate the expected grain 
weight/spike and yield if no disease were present. Since symptoms of bacterial streak 
do not occur until after the number of spikes/m2 has been determined (Duveiller et 
al., 1993; Shane et al., 1987), this estimate is valid even thought it comes from 
diseased plots. Using the grain weight/spike and yield from diseased plots, the 
expected grain weight/spike and yield under no disease pressure was calculated from 
the average severity/loss relationship (-0.012) (Table 3.10). Thus, yield loss can be 
estimated by subtracting the predicted yield under no disease pressure from the yield 
observed under disease pressure.
Predicted yield loss ranged from 3-9%. As a whole, this is not a large 
reduction in yield and may be part of the difficulty in determining yield loss caused 
by leaf streak in whole plots. From the whole plot studies in Baton Rouge and 
Alexandria in 1994, an average yield difference of 10% between inoculated and non- 
inoculated plots was required to be significant. This is greater than the largest 
predicted yield loss.
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Table 3.10. Predicted yield loss caused by bacterial leaf streak in winter wheat in 
Louisiana.
Observed in the fieldf
Predicted yield 

















% kg/ha g no. g kg/ha kg/ha %
Florida 304 11 4106.2 1.369 300 1.504 4511.2 405.1 9
Coker 9835 7 4340.4 1.071 405 1.152 4668.7 328.3 1
FFR 502W 6 4543.1 1.117 407 1.192 4848.2 305.0 6
Savannah 6 3840.2 1.052 365 1.127 4114.2 273.9 7
Coker 9105 6 3647.1 1.107 329 1.173 3864.5 217.4 6
Pioneer 2566 5 4467.3 1.269 352 1.332 4689.1 221.8 5
Pioneer 2548 5 3992.4 1.198 333 1.255 4182.4 190.0 5
Terral 8822 5 4314.1 1.214 355 1.268 4506.0 191.9 4
Florida 302 5 3689.6 1.459 253 1.513 3826.1 136.6 4
GA83125 4 4252.2 1.073 396 1.124 4454.2 202.1 5
LA861A23 4 3745.7 1.329 282 1.377 3881.1 135.3 3
Coker 9134 4 4201.7 1.113 377 1.155 4360.2 158.5 4
Terral 101 2 3558.6 0.821 434 0.845 3662.7 104.1 3
t  Field data are from Alexandria, LA in 1994 from plots that were inoculated with 
Xct.
$ Predicted grain weight/spike was calculated by solving the equation Y=/3o-0.012x 
for /30, where ’Y’ is the observed grain weight/spike and ’x’ is the observed 
leaf streak on flag leaves. Predicted yield was calculated by multiplying the 
predicted grain weight/spike by the number of spikes/m2 and converting to 
kg/ha.
§ Predicted yield loss calculated as predicted yield minus observed yield and 
expressed as kg/ha loss or percent loss.
K Average percentage the flag leaf area showing symptoms of leaf streak.
f t  Calculated from the average yield and the average grain weight/spike.
The results of this study confirm the results of other studies indicating that 
leaf streak on flag leaves reduces the weight and number of grains/spike in wheat 
(Duveiller and Maraite, 1993; Shane et al., 1987). However, they also show that 
yield loss in Louisiana is related to leaf streak symptoms at GS 10.5.4, before the 
symptoms reach a maximum and earlier than in spring- or summer-grown wheat. In 
this study, the leaf streak severity on flag leaves reached a maximum between GS 
11.1-11.2 but there was no consistent relationship between leaf streak severity at this 
stage and either the weight or number of grains/spike. However, in summer grown 
Mexican wheat, leaf streak measured from GS 11.1 to 11.2, was found to reduce both 
the weight and number of the grains/spike (Duveiller and Maraite, 1993). This 
discrepancy could be due to different environments and growing seasons. So far, all 
of the published reports on yield loss caused by Xct have been on spring or summer 
grown wheat. It is not surprising that leaf streak symptoms at GS 10.5.4 in winter 
wheat can cause loss since it is estimated that 70% to 90% of the grain yield is 
derived from assimilate produced after anthesis (Simmons, 1987). In addition, as 
much as 50% of the canopy photosynthate may result from the flag leaf during early- 
and mid-grain filling. Any loss of flag leaf area prior to grain filling, therefore, can 
be expected to have an effect on grain weight. Using the equation derived in this 
study, the appropriate time to rate winter wheat for leaf streak caused by Xct is when 
plants are at GS 10.5.4. If ratings taken later, at GS 11.1-11.2, are used with the 
average loss relationship, higher yield loss estimates may result.*
The possible maximum level of losses reported in this study are very similar 
to those estimated in spring wheat and together range from 11-42%. However, based
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on the average levels of leaf streak on flag leaves in inoculated plots, yield losses 
predicted by regression in Louisiana are only 3% to 9%. The difference between 
potential and predicted yield losses can be explained by the fact that the leaf streak 
severity on individual flag leaves rarely exceeds 50%, and leaf streak severity in 90% 
of all flag leaves sampled in Mexico was less than 30% (Duveiller, 1994). Thus, the 
average severity of leaf streak on flag leaves is usually low. In several winter wheat 
cultivars, which are grown in the Southeastern USA, the range of leaf streak severity 
on flag leaves at GS 10.5.4 was 2-11% in Alexandria, LA in 1994.
In general, it appears that bacterial leaf streak can cause yield loss in winter 
wheat independently of black chaff. However, given that the level of disease on 
individual flag leaves is usually low, yield losses are also likely to be low except in 
the most susceptible cultivars. This result should give breeders considerable latitude 
in selecting resistant cultivars since a high level of resistance does not seem to be 
needed.
CHAPTER 4
Heritability of Reaction to Bacterial Leaf Streak Caused by Xanthomonas campestris
pv. translucens in Winter Wheat
The results from Chapters 2 and 3 show that leaf streak is related to yield 
loss even in a cultivar that is resistant to black chaff caused by Xct. These findings 
along with evidence of other causes of black chaff in the glumes lead to the 
conclusion that research on host resistance to Xct must focus on leaf streak. Since 
this disease can cause yield loss in currently grown genotypes, there is a need to 
understand the inheritance of resistance and to identify resistant cultivars. Previous 
research has shown that resistance to this disease is controlled by several genes which 
differ in strength but apparently act in an incompletely dominant or additive manner 
(Duveiller, et al. 1993). Further support of the idea of quantitative inheritance is 
research that shows that races of the pathogen do not occur (Milus and Chalkley, 
1994). Data from Louisiana show a continuous range of susceptibility to leaf streak 
in winter wheat which also indicates quantitative inheritance (Kursell, 1991; Tillman 
et al. 1993). For any quantitatively inherited trait, an important practical 
measurement is the heritability, which is the proportion of total variation that can be 
attributed to genetics. The objectives of the research presented in this chapter are to 





In 1990, three populations were generated by making the following crosses: 
’Coker 98777’Pioneer 2548’ (Popl) , ’Terral 101 ’/ ’Coker 9766’(Pop2), and Terral 
101/Pioneer 2548 (Pop3). These parental soft red winter wheat cultivars differ in 
their level of reaction to bacterial streak, Terral 101 is resistant, Pioneer 2548 and 
Coker 9766 are susceptible and Coker 9877 is intermediate. For this study, a total of 
58, 60 and 61 lines were taken randomly from Popl, Pop2 and Pop3, respectively.
The F j’s from these crosses were grown in the field at the Ben Hur Plant 
Science Unit in Baton Rouge, LA during 1990-91. On 25 November, 1991, one 
month old greenhouse-grown F2 seedlings were transplanted to the field in hill plots 
spaced on 0.30m centers. Seed from each F2 plant was harvested to create F2.3 
lines. On 10 November, 1992, the lines from each population were planted at the 
Dean Lee Research Station in Alexandria, LA. Plots contained four rows spaced 
25cm apart and were 0.90m long bordered on both sides by a single row of the 
susceptible cultivar, Florida 304. The lines were arranged in a randomized complete 
block design with two blocks. Seed from each F2.3 line was bulk harvested to create 
F2.4 lines. The F2.4 lines were planted in 1994 in six row plots, 0.90 m long at 
Alexandria and Baton Rouge. The design was the same as in 1993 except three 
blocks were used. In both years, the seeding rate was 67 kg/ha and in all three years, 
plants were supplied with 100 kg/ha of nitrogen as ammonium nitrate or urea in 
early- to mid- February. The plots were protected from infection by foliar fungi with 
at least two sprays of Tilt 3.6EC (propiconazole) fungicide at a rate of 126g a.i./ha. 
Methods of application are as described in Chapter 3. In each of the three years,
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plants were inoculated with a mixture of three virulent isolates of Xct as described in 
Chapter 3. In 1993, the F2.3 plots were inoculated on 25 March and 22 April. In 
1994, the F2-4 plots at Baton Rouge were inoculated on 10 March and 28 March and 
at Alexandria on 7 April.
In both 1993 and 1994, the severity of leaf streak on flag leaves was 
estimated on a whole plot basis. In 1993, the Disease Assessment Keys for Cereal 
Crops, Key No. 1.9 (James, 1971) was used as a guide. In 1994, the keys from 
Duveiller (1994) were used as a guide. The rating in 1993 at Alexandria was taken 
on 5 May. The 1994 ratings were taken at Alexandria on 4 May and at Baton Rouge 
on 25 April. The relative maturity of the lines was also quantified. In February,
1993 F2.3 lines in Alexandria were rated for spring or winter growth habit on a 1-9 
scale with 1 being upright or spring and 9 being prostrate or winter. In 1994 at 
Alexandria and Baton Rouge, the number of days from 31 December until 50% of the 
heads were out of the boot was recorded and is reported herein as ’heading day’.
The data were analyzed with the MIXED Procedure of SAS (SAS Institute, 
1992) which produced restricted maximum likelihood estimates of the variance 
components from the random model:
Yijk = u + Ei + R(E)ij + Gk + GEik + eijk- 
where ’Y’ is the observed value of leaf streak, ’u ’ is the overall mean leaf streak
severity, ’E’ is the year/location environment effect, ’R’ is the replication (block)
effect, ’G’ is the genotype effect and ’e’ is the residual error. The environments were
Alexandria in 1993 in which the F2.3 lines were grown and Alexandria and Baton
Rouge in 1994 in which the F2-4 lines were grown. The assumption of no dominance
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was made such that data from the F2.3 lines grown in Alexandria in 1993 could be 
combined with that from the F2;4 lines grown in 1994 in Alexandria and Baton 
Rouge. Heritabilities were also calculated for the F2.3 lines at one location and the 
F2;4 lines at two locations so that comparisons could be made. The estimates of 
heritability calculated from the variance components in this experiment approximate 
the narrow-sense case. The computational formula for heritability is:
h2 = 0^ / ( 0^  + (^gg/E +  o^/RE)
where h2 is the heritability, a2^ is the genotypic variance among F2 derived lines, 
which in the absence of dominance, equals the additive genetic variance, a2^e is the 
genotype by environment interaction variance, a2  ^ is the error variance, E is the 
number of environments and R is the number of replications. If R =E =1, the 
heritability is on a plot basis. If R or E equal an integer greater than one, the 
heritability is on an entry mean basis. Standard errors of the heritability estimates 
from variance components were calculated using the formula for the variance of a 
variance ratio given in Becker (1984):
var(x/y) = [y2 var(x) + x2 var(y) - 2xy cov(x,y)]/y4 
where x = a2^ and y = a2^ +  a2^  + a2 .^
Narrow-sense heritability was also estimated by parent-offspring regression 
of the F2.4 offspring line mean on the F2.3 parent line mean. The REG Procedure of 
SAS (SAS Institute, 1989) was used for this purpose.
The UNIVARIATE Procedure of SAS (SAS Institute, 1990) was used to test 
for normality of the average leaf streak severity over the three environments. Lastly, 
the Pearson product moment correlations between heading day and leaf streak seyerity
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and between growth habit and leaf streak severity were calculated with the CORR 
Procedure of SAS (SAS Institute, 1990).
RESULTS AND DISCUSSION 
Correlations between maturity measures and leaf streak severity on the flag 
leaves show that in Pop2 and Pop3, late maturing lines tended to have lower levels of 
leaf streak on the flag leaves than early maturing lines (Table 4.1). This was true in 
each test environment for Pop3 and on average, heading day explained about 14% of 
the variation in leaf streak severity in that population. In Pop2, the correlation 
between maturity and leaf streak severity occurred in only one of the three test 
environments but on average accounted for about 12% of the variation in leaf streak 
severity. In Popl, there was no relationship between average heading day and 
average leaf streak severity.
Variation in heading day among the parental cultivars was small. Terral 
101 averaged 92 days until heading and Pioneer 2548 averaged 91 days until heading 
over all environments. Averaged over the three environments, the difference in 
heading day between Coker 9877 and Pioneer 2548 is about one day and between 
Coker 9766 and Terral 101, about five days. Variation for heading day among 
progeny from these crosses was also relatively small. Heading day ranged from 83 to 
95 days, in Popl, from 85 to 100 days in Pop2 and from 85 to 97 days in Pop3. In
general, the maturity differences in these three populations were not large enough to 
cause concern about possible masking of resistance/susceptibility and for this reason 
they are ignored. The analysis of the relationship between maturity and percent leaf
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streak is necessary because other studies have shown quite large effects of maturity 
differences on the leaf streak severity (Chapter 5, this volume; Kursell, 1991).
Table 4.1. Correlations between maturity measures and leaf streak severity on flag 
leaves of plants from three F2.3 and F2-4 winter wheat populations.
______ Location/Y ear/Generation______
Alexandria/ Baton Rouge/ Alexandria/ Average 
Population 1993/F2.3t  1994/F2.4$ 1994/F2.4t  heading day§
(1) Coker 9877/Pioneer 2548 -0.30* 0.15 -0.24 -0.24
(2) Terral 101/Coker 9766 -0.16 -0.19 -0.39** -0.35**
(3) Terral 101/Pioneer 2548 -0.26* -0.28* -0.36** -0.37**
t  Within the column, correlations between relative maturity rated as growth habit on 
a scale of 1-9 in February with 1 being spring and 9 being winter and
bacterial streak measured as percent of the flag leaf area showing symptoms 
of leaf streak.
$ Within a column, correlations between relative maturity measured as days from 31 
December until 50% of the heads were out of the boot and bacterial streak 
measured as percent of the flag leaf area showing symptoms of leaf streak.
§ Within the column, correlations between average heading day in 1994 and average 
bacterial leaf streak severity in 1993 and 1994.
The frequency distribution of genotypes for leaf streak severity on the flag 
leaves in Popl was normal (Fig. 4.1). However, in Pop2 and Pop3, the distributions 
are skewed to the resistant side. The Shapiro-Wilks statistic for both Pop2 and Pop3 
is W = 0.87 which is significant at the 0.001 probability level. Skewness is an 
indication of nonadditive effects and indicates that the heritability estimates from Pop2 
and Pop3 may be inflated by dominance genetic variance.
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P o p l :  C o k e r  9 8 7 7 /P io n e e r  25 4 8
m e a n  =  1 6 %
C o k e r  9 8 7 7  =  1 4 %  
P io n e e r  2 5 4 8  =  1 9 %
P o p 2 :  T e r ra l  1 0 1 /C o k e r  9 7 6 6
m e a n = 1 0 %
Terral 101= 6%  
C o k e r 9 7 66= 18%
P o p 3 : T erra l 1 0 1 /P io n e e r  2 5 4 8
m e a n  =  1 1  %
T e rra l 1 0 1 = 5 %  
P io n e e r  2 5 4 8 = 1 8 %
O 5  1 0  1 5  2 0  2 5  3 0  3 5  4 0
BACTERIAL STREAK ON F U G  LEAVES (%
Fig. 4.1. Frequency distribution of genotypes for bacterial leaf streak 
severity on flag leaves in three winter wheat populations grown over three 
environments.
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Variation in leaf streak severity due to genotype and genotype by 
environment interaction was significant in each population (Table 4.2). In Popl, the 
magnitude of the genotype by environment interaction variance is about half of the 
residual variance, but in Pop2 and Pop3, the genotype by environment interaction 
variance is only about one-quarter as large as the residual variance. This suggests 
that genotype by environment interaction may not be as important in some populations 
as in others. The occurrence of genotype by environment interaction for leaf streak 
severity shows that the evaluation of germplasm over multiple years and locations 
may be required in order to isolate genetic effects from environmental effects.
Table 4.2. Variance component estimates for severity of bacterial leaf streak on flag 
leaves of three winter wheat populations.
Populationf
Popl: Pop2: Pop3:
Coker 9877/ Terral 101/ Terral 101/
Pioneer 2548 Coker 9766 Pioneer 2548
Variance Component Estimate ± SE+ Estimate ±  SE$ Estimate ±  SErj:
%2 %2 %2
Genotype (G)1 13.63 ±  4.97 7.20 ±  1.79 14.78 ±  3.40
G x E 20.78 ± 5.29 2.85 ± 0.99 4.21 ±  1.55
Residual 39.61 ± 3.46 11.41 ±  0.94 18.41 ±  1.51
t  Popl had 58 lines, Pop2 had 60 lines, Pop3 had 61 lines.
$ Restricted maximum likelihood variance component estimates and standard errors 
from the MIXED procedure of SAS (SAS Institute, 1992).
§ Populations tested as F2;3 lines in 1993 in Alexandria, LA and as F2.4 lines in 1994 
in Baton Rouge and Alexandria, LA. 
f  Genotypes are a combination of F2;3 lines from one location in 1993 and F2.4 lines 
from two locations in 1994.
The single plot heritability estimates for leaf streak severity ranged from 
0.18 in Popl to 0.40 in Pop3 averaged over the three environments and two 
generations (Table 4.3). When only F2.3 lines are used in the analysis, heritability 
estimates appear to be inflated in Popl and Pop2. This is probably because the 
genotypic variance is confounded with the genotype by environment interaction 
variance. If only the F2.4 lines are used in the analysis, the heritability estimates are 
similar to those from the analysis of combined F2.3 and F2;4 generations. Heritability 
estimates from parent-offspring regression ranged from 0.12 in Popl to 0.70 in Pop3. 
Considering the estimates from regression and from single plot variance component 
with combined generations, heritability tended to be lower in Popl averaging about 
0.15. The average heritability was 0.31 and 0.44 in Pop2 and Pop3, respectively.
In Pop2 and Pop3, heritability on a plot basis is increased by 0.12 and 0.13 
respectively by using two replications in one environment in the entry mean 
heritability (Table 4.4). In Popl, the increase is only about 0.07. When two 
environments and one replication are used, the increases in heritability over the single 
plot estimate are 0.13, 0.16 and 0.17 for Popl, Pop2 and Pop3, respectively.
Overall, this suggests that testing in two environments would be better than using two 
replications. However, if three replications and one environment are used, the 
heritability increases by 0.11, 0.18 and 0.19 for Popl, Pop2 and Pop3, respectively. 
This shows that testing at one location in one year would give almost equal 
heritability in Popl and higher heritability in Pop2 and Pop3 than testing at two 
locations or over two years with one replication per environment. Of all the 
situations tested, testing over three environments with one replication per environment
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gave the highest entry mean heritability. However, the added time and expense of 
testing over multiple locations makes a single year multiple replication testing 
program more attractive.
Table 4.3. Heritability estimates and their standard errors for bacterial leaf streak 
severity on flag leaves of three winter wheat populations.
Heritability estimate + /- SE
Variance component Parent-offspring






BR F2.4 on 
AX F2;31
AX F2.4 on 
AX F:2:3#
(1) Coker 9877/Pioneer 2548 0.18±0.06 0.41 0.22 0.16±0.05 0.12±0.05
(2) Terral 101/Coker 9766 0.34±0.06 0.55 0.27 0.41 ±0.08 0.53±0.11
(3) Terral 101/Pioneer 2548 0.40±0.06 0.39 0.34 0.70±0.09 0.24±0.05
f  Heritability estimates calculated from variance components from combined analysis 
of F2-3 lines tested in 1993 in Alexandria, LA and F2.4 lines tested in 1994 
in Alexandria and Baton Rouge, LA. 
t  Heritability estimates calculated from variance components of F2_3 lines grown in 
Alexandria, LA in 1993.
§ Heritability estimates calculated from variance components of F2;4 lines grown in 
Baton Rouge and Alexandria, LA in 1994. 
f  Heritability estimates from regression of mean leaf streak severity of F2.4 lines in 
Alexandria(AX), LA in 1993 on mean leaf streak severity of F2_3 lines in 
Baton Rouge(BR), LA in 1994.
# Heritability estimates from regression of mean leaf streak severity of F2.4 lines in 
Alexandria(AX), LA in 1993 on mean leaf streak severity of F2.3 lines in 
Alexandria(AX), LA in 1994.
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Table 4.4. Entry mean and single plot heritability estimates bacterial leaf streak 
severity on the flag leaves of three winter wheat populations.
Heritabilityf
Single Plot Entry Mean
Population E=1,R=1 E=1,R=2 E=2,R=1 E=1,R =3 E=3,R=1
Coker 9877/Pioneer 2548 0.18 0.25 0.31 0.29 0.40
Terral 101/Coker 9766 0.34 0.46 0.50 0.52 0.60
Terral 101/Pioneer 2548 0.40 0.52 0.57 0.59 0.66
Mean 0.31 0.41 0.46 0.47 0.55
t  E=number of test environments and R=number of replications per environment.
This chapter shows that the inheritance of reaction to leaf streak in bread 
wheat is quantitative. In the three populations tested in this study an average of 31% 
of the total phenotypic variation can be attributed to genetic causes. Given the 
relatively low heritabilities, selection for resistance to leaf streak in a breeding 
program will likely be difficult without the use of artificial inoculation to insure 
adequate disease pressure and replication to overcome the large residual variation. 
Heritabilities on an entry mean basis show that testing in one environment with 
multiple replications is likely to result in higher heritability and to be more 
conservative in cost and time than testing over multiple environments.
CHAPTER 5
Evaluation of Bread Wheat Germplasm for Resistance to Bacterial Leaf Streak Caused 
by Xanthomonas campestris pv. translucens
The results of Chapter 2 show that wheat genotypes may be resistant to 
black chaff but susceptible to leaf streak caused by Xct. The results of Chapter 3 
show that yield loss predicted from leaf streak severity on flag leaves can be as high 
as 9% in the most susceptible cultivar tested. In addition, the relationship between 
grain weight/spike and leaf streak severity is apparently independent of black chaff. 
These results suggest that research on controlling the disease should be focused on 
reducing the severity of leaf streak and that a high level of resistance may not be 
needed to avoid yield loss. The results of Chapter 4 show that variation among 
genotypes for leaf streak severity on flag leaves is continuous. This suggests that the 
inheritance of resistance to bacterial leaf streak is quantitative. Average heritability of 
resistance was moderately low at 0.31. However, testing over three replications at 
one location increased the entry mean heritability to 0.47. In addition, significant 
genotype by environment interaction and a slight effect of heading day was observed. 
These effects may tend to confound the results of screening studies. However, it 
should be possible to identify germplasm with a level of resistance to leaf streak 
adequate to avoid yield loss. Thus, a final purpose of this research was to attempt to 





On 27 November, 1991, the 5,000 most recent bread wheat accessions to 
the USDA National Small Grains Collection housed in Aberdeen, Idaho were planted 
in paired single rows, 0.90m long, at the Ben Hur Plant Science Unit in Baton Rouge, 
LA. For each line, one row was protected from infection by foliar fungi with Tilt 
3.6EC (propiconazole) fungicide. The other row was not treated with fungicide so 
that it could be evaluated for resistance to fungal diseases. Lines that did not head or 
were extremely late and those that were extremely susceptible to leaf rust caused by 
Puccinia recondita Roberge ex Desmaz. f.sp. tritici (Eriks. & E. Henn.), septoria leaf 
blotch caused by Mycosphaerella graminicola (Fuckel) Schroeter and glume blotch 
caused by Leptospharia nodorum were culled. The remaining lines were evaluated 
for leaf streak severity and 428 lines were selected for evaluation in replicated trials.
In 1992-93 and 1993-94, the 428 lines plus five standard resistant or 
susceptible control wheat cultivars and two triticale breeding lines were tested for 
reaction to leaf streak in the field. The cultivar Terral 101 (Kursell, 1991), and two 
triticale breeding lines GA 21 and GA 22 were used as resistant controls. The 
triticale lines are reported to be agronomically diverse and to have the same dominant 
gene for resistance to leaf streak derived from two different parents (Cunfer et al.,
1987; Johnson et al., 1989). The soft red winter wheat cultivars Coker 9877,
Savannah and Florida 304 were used as susceptible controls (Kursell, 1991). The 
spring wheat cultivar, Pavon 76 was also used as a control. It is resistant in the field 
in Mexico and to the syringe inoculation test (Duveiller et al., 1993; Milus and 
Chalkley, 1994; Milus and Mirlohi, 1994b) but it appears susceptible in the field in
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Louisiana (Kursell, 1991). Additionally, over several years, Pavon 76 was more 
susceptible in high rainfall, temperate environments in Mexico than the cultivar 
Thombird (Duveiller, 1994).
On 6 December, 1992, the 428 lines plus controls were hand transplanted 
into hill plots spaced on 0.30 m centers. Hand transplanting was required because 
heavy rain destroyed the first field seeding. In 1993, planting was the same as in
1992 except plots were hand seeded on 19 November. In both years, the plots were 
arranged in a randomized complete block design with two blocks.
The plants were inoculated with a mixture of three virulent isolates of Xct as 
described in Chapters 3 & 4. Inoculation was carried out on 11 and 25 March in
1993 and on 10 and 28 March in 1994. In 1993, the earliest genotypes were just 
beginning to head by 8 March and in 1994, the earliest genotypes began heading on 
30 March. Transplanting in the 1992-93 season is probably the reason that some of 
the spring genotypes headed earlier than in the 1993-94 season even though the 
transplanting date in 1992 was 17 days later than the seeding date in 1993.
In both years, the percentage of the flag leaf area showing symptoms of leaf 
streak was estimated for each hill plot. In 1993, the Disease Assessment Keys for 
Cereal Crops, Key No. 1.9 (James, 1971) was used as a guide to estimating the 
percent diseased flag leaf area. In 1994, the keys from Duveiller (1994) were used as 
a guide for estimating the diseased flag leaf area. The ratings were taken on 14 May 
and 25 April in 1993 and 1994, respectively. However, in both years, ratings were 
taken after all lines had reached the boot stage but before the earliest lines had 
matured.
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The number of days from 31 December until 50% heading was also recorded for each 
line. This measure is reported herein as ’heading day’.
The data were analyzed with the General Linear Models Procedure of SAS 
(SAS Institute, 1989) using the fixed model:
Yijk = u + Ej + R(E)jj + Gk + GEjjj. + eijk, 
where ’Y’ is the observed value of leaf streak, ’u’ is the overall mean leaf streak 
severity, ’E’ is the year effect, ’R’ is the replication (block) effect, ’G’ is the 
genotype effect and ’e’ is the residual error. Lines with less than three observations 
(missing in more than one block) for leaf streak in the field were dropped from the 
analysis creating a final data set containing 380 lines plus the seven controls.
Because a negative correlation between heading day and leaf streak severity 
on flag leaves was observed, heading day was used as a covariate and the lines were 
ranked according to least square means. Frequency distributions were calculated with 
the Chart Procedure of SAS (SAS Institute, 1990) using intervals of 5 as midpoints 
for the least-square and raw means of leaf streak severity from field data and intervals 
of 10 as midpoints for percent water-soaking from growth chamber experiments.
The 428 lines and controls were also evaluated in Arkansas in growth 
chambers for reaction to the syringe inoculation technique described in Milus and 
Mirlohi (1994b). Data from this study were transformed to the mean in the range of 




Early maturing lines tended to have higher percentages of leaf streak on the 
flag leaves than late maturing lines. The correlations between heading day and leaf
jL d j Uf j|(
streak severity w ere-0.61 in 1993 and-0.13 in 1994 (Table 5.1).
Table 5.1. Correlations among mean heading day and estimates of bacterial leaf 















-0 .12* -0.13** 0.25***
* ** *** significant at the 0.05, 0.01 and 0.001 probability levels, respectively, 
t  Days from 31 December until 50% heading.
$ Mean percentage of the flag leaf area showing symptoms of leaf streak.
When data from both years is combined, the correlation between heading day and leaf 
streak severity is -0.50*** (Table 5.2). It is apparent that the ability to identify 
resistant genotypes in this experiment is confounded by differences in relative 
maturity. To reduce this effect, heading day was used as a covariate and the least- 
square mean for each line was computed. The correlation between heading day and 
the least-square mean for leaf streak severity is -0.23*** (Table 5.2). In this study, 
least-square means appear to be a better measure of the reaction of a genotype to leaf 
streak than the raw means.
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Table 5.2. Correlations among mean heading day, estimates of bacterial leaf streak 








Leaf streak (raw)rj: -0.50***






*** Significant at the 0.001 probability level.
t  Number of days from 31 December until 50% heading; average of 1993 and 1994. 
$ Mean percentage of the flag leaf area showing symptoms of bacterial streak in the 
field in 1993 and 1994.
§ Least square mean percentage of the flag leaf area showing symptoms of bacterial 
streak in the field in 1993 and 1994. 
f  Mean percent water-soaking from syringe inoculation of primary leaves of seedlings 
in the growth chamber.
There was no correlation between percent water-soaking from syringe inoculation and 
the raw or the least square means of leaf streak severity in the field (Table 5.2). 
However, a small correlation (0.10 ) was observed between percent water-soaking 
and the 1994 mean leaf streak severity. Although the overall correlation between 
greenhouse and field ratings was not significant, some lines showed resistance both in 
the growth chamber and field. This should allow identification of some highly 
resistant lines.
Based on least square means, two of the four resistant controls, GA 22 and 
Terral 101 had less than 12.5% leaf streak (Fig. 5.1). The other two resistant 
controls, GA 21 and Pavon 76 fall in the categories of 17.5-22.4% and 27.5-32.4% 
leaf streak, respectively. The three susceptible cultivars, Coker 9877, Savannah and
Florida 304 all fell into the category of 12.5-17.4% leaf streak. Based on seedling 
reaction to the syringe inoculation method, the four reportedly resistant controls had 
less than 14% water-soaking (Fig. 5.2). The three susceptible controls exhibited 25% 
or greater water-soaking.
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Fig 5.1. Frequency distribution of bread wheat genotypes based on raw and 
least-square means of bacterial leaf streak severity on flag leaves over two 
years in the field. Controls are ranked by least square means.
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Fig. 5.2. Frequency distribution of bread wheat genotypes based on percent 
water-soaking resulting from syringe inoculation of primary seedling leaves 
in the growth chamber.
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A possible reason that Pavon 76 is not resistant in Louisiana could be that it is a 
spring wheat and matures early. The apparent susceptibility of GA 21 in this test is 
difficult to explain, however, it is five days earlier than GA 22. These discrepancies 
indicate that genotype by environment interaction is occurring for leaf streak in the 
field and agree with the conclusions of Chapter 4. In the present study, the line and 
line by year interaction effects were both highly significant (Table 5.3).
Table 5.3. Analysis of variance for bacterial leaf streak severity on flag leaves of 
bread wheat grown in the field in Baton Rouge, LA in 1993 and 1994.
Sourcef df Mean Square F value
%2
Heading dayij: 1 2229 17 7* * *
Year (Y) 1 7722 61.3***
Replication(Y) 2 1805 14 3***
Line (L) 386 364 2 9***
L x  Y 384 333 2 7***
Residual 1536 126
*** Significant at the 0.001 probability level, 
t  The model is fixed.
$ Days from December 31 until 50% of the heads were out of the boot, used as a 
covariate.
The line by year interaction is demonstrated graphically in Fig. 5.3 for the 
control lines only. The largest discrepancies were for the resistant controls Pavon 76 
and GA 21, both of which were severely diseased in 1993 but only moderately 
diseased in 1994. Leaf streak severity in the other two resistant controls, Terral 101 
and GA 22, was 10% or less in both years. As indicated in Fig 5.3, disease severity
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was greater in 1993 than in 1994. In 1993, the range of leaf streak severity was from 
2% to 90% with an average of 24% while in 1994, the range was from 1% to 75% 
with an average of 15%. All four of the resistant controls were resistant to the 
syringe inoculation test, but averaged over both years, Pavon 76 and GA 21 were 
susceptible in the field. This indicates that under high disease pressure in the field, 
some lines thought to be resistant may become severely diseased. It appears that the 
line by year interaction could be the reason some lines showed resistance to the 
syringe inoculation test but not to leaf streak in the field in some years.
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Fig. 5.3. The line by year interaction for bacterial leaf streak severity on 
flag leaves of seven control lines. Terral 101, Pavon 76, GA 21 and GA 22 
were originally chosen as resistant controls.
The top 15% of the lines were ranked by least square means (Table 5.4). 
Heading dates for these 57 lines ranged from 76 to 108 days. Most of the lines were 
susceptible to the syringe inoculation test. However, 16 of the 57 lines, or 28% 
exhibited 5% or less water-soaking after syringe inoculation compared to 16% over 
all 380 lines.
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Table 5.4. The top 15% of bread wheat lines ranked by the least-square mean of 
bacterial leaf streak severity on flag leaves.








day f^ (least sq.)#
% %
GA 22 0 89 4 ±  3.3
479700 Ry-2 So. Africa 5 87 4 ± 6.9
519821 DAS 21 Australia 35 89 4 ± 5.6
449298 Spain 5 79 5 ± 7.0
520535 PF 8372 Brazil 3 76 5 ± 7.0
502949 Bai Chao Yu China 50 87 6 ± 5.6
531188 China 13 83 6 ±  5.7
434706 Yugoslavia 5 90 6 + 5.6
479898 Ethiopia 35 88 7 ±  5.6
519219 GP 5012-3 Bulgaria 68 93 7 ± 6.9
520341 CM 21335-9Y-3M-1Y-OB Mexico 28 76 8 ± 7.0
479901 Ethiopia 35 80 8 ± 7.0
462232 KLM 4-3B India 85 77 9 ± 7.0
436393 Chile 68 91 9 ± 5.6
436325 Chile 5 87 9 ± 5.7
447412 79-4045 China 5 99 9 ± 5.6
519850 V 879-C1-2 France 20 83 9 ± 5.7
518576 Daqingshan 4 China 20 105 9 ± 5.7
502935 Yang La Zi China 20 99 9 ± 5.6
502936 Hong Xiao Mai China 68 87 9 ± 6.9
518575 Daqingshan 3 China 13 103 9 ±  5.7
479832 Ethiopia 28 82 9 ± 5.7
519530 LE 2092 Uruguay 5 99 9 ± 6.9
436426 Chile 68 92 9 ± 5.6
434716 Ma Cha Mai China 0 103 10 ± 5.7
519792 Q10.119 Chile 0 107 10 ± 5.7
519776 Q10.129 Chile 0 92 10 ± 5.6
428369 6028 China 13 99 10 ± 5.6
387640 IAR/W/146-1 Ethiopia 68 89 10 ± 5.6
420599 1/121 Yugoslavia 0 91 10 ± 6.9
422444 Sort 12-13 Bulgaria 13 100 10 ± 5.6
429684 NW 77A Nepal 53 87 10 ± 5.7
516197 Traveler Indiana 93 93 10 ± 5.6
479818 Ethiopia 20 84 10 ± 5.7
436236 Chile 3 85 10 ± 5.7
(table, con’d.)
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Terral 101 5 108 10 ± 3.2
502938 Fang Tou Bai Mang China 50 95 10 ± 5.6
502944 Zi Gan Zi China 35 104 10 ± 5.7
519881 MN 81319 Minnesota 10 106 10 ± 5.7
387562 IAR/W/117-2 Ethiopia 35 91 10 ± 5.6
420600 1/122 Yugoslavia 20 99 10 + 5.6
393974 Krasnodarskaja 33 USSR 50 102 11 ±  5.7
520217 CMA 14793-W2-W9-G7 So. Africa 0 86 11 ± 5.7
420598 1/120 Yugoslavia 75 105 11 + 5.7
447406 Xiao Bai Mai China 50 88 11 ± 5.6
479876 Ethiopia 93 88 11 ±  5.6
435110 Ma Zha Mai China 68 99 11 ± 5.6
427427 Colorben USA 3 106 11 ± 5.7
387641 IAR/W/146-2 Ethiopia 35 90 11 ±  5.6
502943 Da Huang Pi China 50 95 11 ± 5.6
519804 SDP 2298 So. Dakota 0 103 11 ± 5.7
501533 Blanca Idaho 13 99 11 ± 5.6
519710 II 8047 Iran 68 103 11 ± 5.7
436410 Chile 35 103 11 ± 5.7
502945 Xiao Bai Tou China 50 95 11 ± 5.6
420595 1/117 Yugoslavia 0 97 11 ± 5.6
502942 Guan Sui Zi China 20 97 11 ±  5.6
520261 ND 599 No. Dakota 13 86 11 ± 4.9
479839 Ethiopia 20 81 11 ±  5.7
Coker 9877 25 106 15 ±  3.2
Florida 304 35 102 16 ±  3.1
Savannah 50 99 16 ± 3.0
GA 21 0 84 20 ± 4.1
Pavon 76 0 92 30 ±  6.9
f  Field data is from Baton Rouge, LA in 1993 and 1994.
$ Lines in italics are controls, those in bold had 5% or less water-soaking from
syringe inoculation.
§ Percent water-soaking on primaiy leaves of seedlings grown in the growth chamber 
and inoculated with a syringe.
U Days from 31 December until 50% heading; average of 1993 and 1994.
# Least-square mean percentage of the flag leaf area showing symptoms of leaf streak 
± SE in the field during 1993 and 1994.
The data show that screening germplasm in the field for reaction to Xct can 
be confounded by relative maturity. Before screening a large number of genotypes 
for reaction to this disease, it may be wise to first select for other traits of interest 
and to select for a narrow range in maturity. It is unclear at this time whether or not 
there is a genetic component of linkage to this relationship. Our observations 
suggest, however, that there may be a relatively narrow period when the correct 
environmental conditions and plant growth stage coincide to permit disease 
development. As cited earlier, leaf streak symptoms normally do not occur until after 
booting (Duveiller, 1989a) and rainsplash is required for infection (Cunfer, 1987). 
Given these facts, the relative maturity of a line could aid in escape from infection 
and disease if sufficient rainfall does not occur during or immediately after booting. 
Some lines may have escaped disease this way in the present study. From 11 March 
through 5 April, 1994 only 6mm of rain fell at the Ben Hur Plant Science Unit in 
Baton Rouge, LA. The earliest heading date we recorded in 1994 was 8 March.
Thus, genotypes that headed on 11 March, 1993 had 26 days of very dry weather 
during the normal time of symptom expression. Many of the earliest genotypes 
escaped infection and were almost mature when rainfall resumed. This is in contrast 
to 1993 in which the earliest heading date was 30 March and in the 26 days 
following, 260mm of rain fell.
In 1993, the latest heading date recorded was 6 May. In the 26 days 
following, only 40mm of rain fell. However, in 1994 the latest heading date recorded 
was 13 April and in the 26 days following, 134mm of rain fell. Thus, the period of 
late March and early April was wet in 1993 but not in 1994 (Fig. 5.4). The lack of
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rainfall in the early spring 1994 may have allowed early heading lines to escape 
disease in 1994 and could be the reason that the correlation between heading day and 
leaf streak in 1994 was lower than in 1993. In 1993, the late lines may have escaped 
infection in the same way and this escape this could be the reason for the negative 
correlation between heading day and leaf streak in 1993. Similar effects of relative 
maturity on expression of leaf streak in wheat have been seen in Arkansas (E.A.
Milus, 1993, personal communication). However, this effect may be more profound 
in south Louisiana where warm temperatures in winter and early spring magnify 
differences in heading day.
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Fig. 5.4. Seven day rainfall totals at the Ben Hur Plant Science Unit 
in Baton Rouge, LA from 1 March through 30 May in 1993 and 1994.
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This study shows that relative maturity should be an important consideration 
in screening diverse germplasm for resistance to Xct. This effect could result in 
selecting late genotypes in breeding nurseries where selection is applied for leaf streak 
resistance. Two methods that could overcome the maturity effect are to compare only 
lines that are similar in heading dates or to evaluate lines in cooler more uniform 
environments that reduce the differences in heading day. In the present study, the use 
of heading day as a covariate and the ranking of lines by least square means helped to 
reduce the effect of heading day on leaf streak. In addition, a genotype by 
environment interaction could confound the results if testing is done in only one year. 
Given these confounding effects, there is a chance of identifying a genotype as 
resistant when in fact it is not. However, we are confident that the 16 lines in bold 
type in Table 5.4, which were identified as resistant in both the field and growth 
chamber are among the most resistant in the study.
CHAPTER 6
Summary and Conclusions
Before the practical matter of developing disease resistant crop cultivars can 
proceed, breeders must have knowledge of several prerequisites. First, symptoms of 
the disease must be known and methods must be in place to accurately measure them. 
Second, one must have reliable methods for inoculating the plants with the pathogen 
to produce disease. Third, if the pathogen causes symptoms on different plant 
organs, the relationship among or between those symptoms must be determined. 
Fourth, the different symptoms must be evaluated to determine if they cause a 
reduction in crop quality or yield. Fifth and last, the inheritance of resistance to the 
disease must be known. With all of these prerequisites met, a breeder will have the 
proper information with which to devise and implement a program to breed the crop 
for resistance to the disease.
In the case of breeding wheat for resistance to bacterial leaf streak caused 
by Xanthomonas campestris pv. translucens, the chapters presented in this study 
answer questions about symptomology, loss of yield and inheritance of resistance.
One wheat cultivar, Florida 304, was identified that is resistant to black chaff caused 
by Xct but very susceptible to leaf streak caused by the same pathogen. This 
discrepancy indicates that research should focus either on black chaff or leaf streak.
In that same cultivar, leaf streak on flag leaves was found to reduce the grain 
weight/spike but not the number of grains/spike. In another cultivar that is 
susceptible to both black chaff and leaf streak, leaf streak reduced both the
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weight/spike and the number of grains/spike. These results suggest that leaf streak is 
overall the most important symptom of the two but that in cultivars that are 
susceptible to both black chaff and leaf streak, yield loss may include a reduction in 
grain number.
In Louisiana, predicted yield loss ranged from 3% in Terral 101 to 9% in 
Florida 304 when leaf streak was evaluated at GS 10.5.4. These levels of loss are 
much smaller than the maximum potential yield loss predicted from regression which 
ranged from 11-42%. The difference between predicted and potential yield loss can 
be explained by the fact that on average, only a small percentage of the total flag leaf 
area is diseased. For example, in Mexico, 88% of all flag leaves sampled from 
Alondra, one of the most susceptible cultivars, had less than 30% leaf streak on them 
(Duveiller, 1994). These results suggest that a high level of resistance to leaf streak 
caused by Xct may not be needed to achieve a reasonable level of protection from 
yield loss.
The average single plot heritability of reaction to Xct was 0.31 which is 
moderately low. However, the genotype by environment interaction variation was as 
much as four times less than the residual variance. Taking advantage of this fact, the 
average entry mean heritability with three replications at one location increases to 
0.47. Using a multiple replication, single location testing scheme with artificial 
inoculation, it should be possible to select resistant lines.
Based on testing over two years and two replications per year under high 
inoculum pressure, several lines were identified that are resistant to leaf streak.
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Using these lines in the crossing program at LSU should lead to adapted breeding 
populations from which resistant lines can be selected.
The results of these studies indicate that developing wheat that is resistant to 
leaf streak should not prove to be very difficult. Additionally, resistance to leaf 
streak should be an adequate control measure in wheat since the yield loss in even the 
most susceptible cultivars is relatively low .
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APPENDIX
Reaction of 428 Bread Wheat lines and Seven Control Lines to Bacterial 
Leaf Streak in the Field and Growth Chamber
Leaf streak
least- Percent
raw square Heading Black Peduncle water- 
Line/PI §__________mean______ mean_______day________ chaff_____ lesions______ soaking
% % % % %
GA-22 6 4 89 1 7 0
479700 9 4 87 1 38 5
519821 7 4 89 1 6 35
449298 9 5 79 0 26 5
520535 10 5 76 0 27 3
502949 9 6 87 0 6 50
531188 11 6 83 0 20 13
434706 8 6 90 3 0 5
479898 10 7 88 0 11 35
519219 7 7 93 2 0 68
520341 12 8 76 0 29 28
479901 12 8 80 0 13 35
462232 15 9 77 3 29 85
436393 10 9 91 5 17 68
436325 12 9 87 1 35 5
447412 7 9 99 1 0 5
519850 14 9 83 3 25 20
518576 5 9 105 1 0 20
502935 7 9 99 0 0 20
502936 9 9 87 0 0 68
518575 6 9 103 5 0 13
479832 14 9 82 0 27 28
519530 5 9 99 0 0 5
436426 11 9 92 2 8 68
434716 6 10 103 0 4 0
519792 5 10 107 4 0 0
535771 9 10 95 1 13 10
519776 11 10 92 1 29 0
428369 8 10 99 0 0 13
387640 12 10 89 0 35 68
420599 11 10 91 2 7 0
422444 8 10 100 4 0 13
429684 13 10 87 23 3 53
516197 11 10 93 4 7 93
479818 14 10 84 3 34 20
436236 14 10 85 1 44 3
502938 10 10 95 0 9 50
TERRAL101 5 10 108 7 0 5
502944 7 10 104 3 2 35

















% % % % %
387562 12 10 91 0 15 35
420600 9 10 99 6 0 20
393974 8 11 102 4 5 50
520217 14 11 86 3 30 0
420598 6 11 105 3 0 75
447406 13 11 88 0 34 50
479876 13 11 88 1 8 93
435110 9 11 99 2 5 68
422427 6 11 106 8 0 3
387641 13 11 90 0 10 35
502943 11 11 95 0 10 50
519804 7 11 103 3 0 0
501533 9 11 99 2 0 13
519710 7 11 103 1 0 68
436410 7 11 103 4 0 35
502945 11 11 95 0 20 50
420595 10 11 97 0 4 0
502942 10 11 97 0 0 20
520261 12 11 86 0 0 13
479839 16 11 81 0 13 20
519808 7 11 105 3 4 3
519697 8 11 102 7 2 5
520218 12 11 92 4 28 5
519230 9 11 100 2 0 53
479812 15 11 85 0 9 28
470926 11 11 96 0 2 35
387361 14 11 87 0 5 50
502931 10 11 98 0 0 13
401536 15 11 85 3 18 28
436347 15 11 85 3 27 3
519222 7 12 106 9 0
447416 13 12 92 1 5 35
519837 14 12 89 1 4 13
436359 11 12 95 0 8 68
470925 9 12 100 3 0 53
519709 9 12 102 1 0 5
434699 9 12 101 3 0 50
502930 11 12 98 0 3 50
519214 8 12 104 9 0 5
519116 7 12 106 1 13
519695 7 12 107 14 0 13
486141 7 12 107 3 0 85
483053 13 12 92 0 25 20




raw square Heading Black Peduncle water- 
Line/PI tt mean mean day chaff lesions soaking
% % W % %
519888 16 12 86 2 36 5
519694 8 12 106 3 0 5
464643 13 12 86 0 18 59
447342 13 12 81 1 16 0
414567 15 12 84 2 20 68
519145 11 12 90 0 45
531178 10 12 100 4 0 20
436356 8 12 106 4 0 20
387343 9 12 102 6 0 0
520376 16 12 87 1 52 3
520259 19 12 79 3 59 5
502939 11 13 99 0 5 35
519661 8 13 106 0 0 5
406532 14 13 90 0 5 13
479903 17 13 80 0 43 50
388038 9 13 95 45 0 13
420594 8 13 97 0 0 13
519013 13 13 95 13 2 13
387482 12 13 96 8 1 3
519711 8 13 107 4 0 20
420587 6 13 111 2 35
405877 12 13 95 1 0 3
518599 11 13 100 1 3 68
519696 9 13 105 3 0 45
432501 9 13 103 26 1 5
476765 10 13 101 3 0 50
519717 10 13 101 75 7 35
547040 9 13 105 8 7 53
388148 15 13 85 0 63 93
520536 16 13 86 0 9 28
519237 5 13 114 1 13
430667 13 13 95 6 11 53
422438 13 13 96 1 0 93
420579 13 13 96 0 0 3
520534 21 13 88 0 12 68
520498 16 13 87 0 25 13
519659 8 13 107 1 0 5
428367 16 13 76 0 43 85
478495 16 13 87 0 8 5
388150 14 13 93 2 12 28
519861 9 13 104 24 2 5
436396 15 13 90 3 49 75
434702 8 13 110 60 3




raw square Heading Black Peduncle water-
Line/PI it mean mean day chaff lesions soaking
% % % % %
519663 10 13 103 4 0 5
432502 10 13 103 0 3 50
520525 17 13 86 0 38 75
479810 18 13 83 1 20 13
519099 9 13 105 6 13
520293 16 13 89 2 26 0
420586 13 13 97 1 0 3
495819 17 14 86 2 20 93
434655 12 14 103 2 5 3
430666 14 14 94 1 11 100
422405 13 14 97 4 13 35
429642 13 14 88 5 0 35
435130 16 14 90 2 20 75
519880 10 14 100 4 0 50
479243 14 14 95 3 11 5
436358 9 14 107 5 2 35
537307 6 14 116 34 0 5
476771 8 14 111 0 3
462231 17 14 79 0 11 20
422430 10 14 106 4 13
420585 14 14 96 2 0 0
520533 19 14 84 0 17 20
519223 7 14 113 1 35
519712 19 14 77 16 6 20
436202 6 15 115 3 20
519793 18 15 87 1 22 5
387340 16 15 90 1 18 50
406521 16 15 90 0 18 75
436495 7 15 113 17 0 0
518577 5 15 109 7 13
519943 7 15 114 1 0 50
414621 17 15 79 0 38 93
519919 7 15 110 0 85
422443 7 15 114 0 28
476770 7 15 114 2 5
519687 9 15 109 14 0 45
436397 16 15 93 1 38 68
COKER9877 11 15 106 3 0 25
520537 18 15 88 0 9 68
479808 19 15 85 3 24 20
447410 16 15 92 4 2 68
520216 16 15 92 2 37 0
436399 13 15 100 3 2 35
















% % % % %
531180 6 15 119 2 28
520360 20 15 82 3 25 13
436329 4 15 123 0 5
520279 18 15 89 0 3 10
436355 5 16 120 0 20
518591 5 16 120 4 35
477897 19 16 74 0 10 13
436324 5 16 114 0 3
518582 5 16 120 2 0 35
518835 16 16 93 0 1 35
428419 21 16 83 23 19 100
491570 18 16 90 0 4 68
531196 14 16 100 6 3 28
519227 8 16 113 6 35
519666 21 16 83 2 11 20
SAVANNAH 15 16 99 0 4 50
FLORIDA 304 14 16 102 0 0 35
502928 13 16 104 3 13
434703 6 16 121 3 5
435119 4 16 118 0 3
420591 16 16 95 0 0 5
405882 16 16 97 0 0 3
502937 19 17 87 0 2 13
479904 23 17 80 0 43 20
531195 16 17 95 0 8 53
436332 6 17 122 1 5
479905 20 17 86 2 21 35
428553 21 17 83 3 36 3
436346 6 17 120 0 13
519231 7 17 119 0 85
434697 14 17 103 2 0 20
435120 16 17 97 1 2 3
480216 21 17 85 7 19 5
520054 23 18 82 0 22 3
520294 21 18 87 5 48 3
447413 18 18 94 5 8 100
387341 20 18 89 0 20 20
519826 11 18 111 4 5 20
495815 21 18 86 1 23 35
518584 17 18 93 3 0 93
519527 12 18 105 63 0 28
387542 15 18 102 1 0 35
477898 21 18 87 0 21 5















































raw square Heading Black Peduncle
mean______ mean_______ day_________chaff_____ lesions
% % % %
14 19 106 12 0
18 19 97 69 6
15 19 103 3 0
14 19 107 14 0
20 19 92 9 19
14 19 106 0 0
17 19 88 0 3
21 19 90 4 12
24 20 84 1 11
14 20 109 2 0
24 20 84 0 12
22 20 89 1 17
21 20 90 3 14
12 20 109 5
24 20 83 4 28
21 20 91 0 6
28 20 85 2 7
19 20 78 0 25
21 20 93 0 16
18 20 101 5 0
20 20 95 0 3
15 20 107 2
25 20 82 0 47
25 20 83 3 40
23 20 89 1 7
20 20 82 0 33
18 21 89 0 15
13 21 110 3 0
23 21 88 0 32
23 21 79 2 29
23 21 100 2 13
14 21 112 13 0
30 21 85 1 30
24 21 88 1 11
23 21 92 1 27
16 22 107 1 0
18 22 104 2 0
21 22 95 15 8
24 22 88 0 37
20 22 85 1 26
20 22 102 4 2
23 22 79 0 35
24 22 91 4 7
















% % % % %
422415 24 23 90 0 11 50
477906 29 23 79 1 65 20
462153 24 23 92 0 52 20
519921 20 23 80 2 25 35
436361 24 23 91 0 17 53
462142 23 23 76 0 20 28
479795 20 23 102 1 1 75
388201 20 23 102 0 0 45
520359 26 23 86 3 40 13
414587 24 23 93 1 0 20
519803 24 23 93 0 8 5
519941 28 23 79 0 24 10
520086 27 23 86 3 15 5
496259 27 23 78 0 36 13
518834 25 24 91 3 22 50
414588 26 24 88 0 27 50
461501 25 24 92 0 26 35
518605 25 24 92 0 37 50
476761 21 24 101 4 0 45
410901 25 24 76 3 60 5
520352 29 24 83 0 18 5
519993 29 24 83 3 13 13
519797 25 24 77 0 5 13
519721 29 25 84 0 50 3
462150 26 25 90 0 7 35
479877 26 25 90 19 21 68
412970 26 25 90 1 2 3
477886 21 25 103 0 0 28
479859 28 25 88 4 ' 18 93
502946 29 25 85 0 30 60
518594 25 25 94 0 2 13
412953 25 25 95 2 11 13
520078 23 25 81 0 33 35
520538 22 25 87 2 6 5
518600 26 26 92 2 23 68
479794 24 26 99 0 0 68
519971 28 26 90 1 8 20
479814 29 26 86 1 22 20
519958 29 26 88 1 13 10
420601 18 26 114 12 20
495916 35 26 85 0 23 13
406520 29 27 89 0 0 20
520152 27 27 84 0 17 13
















% % % % %
434704 21 27 85 0 27 0
387609 26 27 96 2 12 5
422445 27 27 95 1 12 5
479695 30 27 87 0 10 13
520556 30 27 87 0 41 13
479902 29 27 90 2 35 5
390918 35 27 95 0 9 35
410911 32 28 87 1 3 51
519955 30 28 88 2 22 53
519640 30 28 88 3 15 13
414579 30 28 88 1 8 13
420588 25 28 101 9 0 93
519200 26 28 99 4 5 35
520539 32 28 85 0 11 5
435107 26 28 85 2 36 5
520089 31 28 87 1 22 5
436385 23 28 109 30 0 43
518586 28 28 99 2 28
500147 42 29 85 2 15 20
410909 24 29 106 3 4 3
491571 34 29 82 1 41 5
479831 28 29 76 0 28 13
520098 33 29 85 3 16 10
434700 30 29 92 2 25 5
435121 30 29 92 0 27 0
495818 25 29 79 2 28 68
519331 27 29 99 3 0 3
462316 34 29 83 0 9 75
479816 34 29 83 0 29 5
520382 26 30 81 2 33 50
519787 33 30 87 0 17 3
PAVON76 40 30 92 10 20 0
520046 36 30 81 3 23 5
519294 28 30 100 0 0 0
414623 35 31 84 1 22 85
519779 25 31 110 38 10 0
502929 21 31 119 2 50
520322 35 31 85 1 22 13
470928 28 32 88 2 18 5
519662 37 32 81 1 41 5
387396 29 32 101 0 0 75
388151 34 32 90 0 14 35
520319 35 32 87 1 24 5
















% % % % %
410907 35 33 90 0 17 3
520284 36 34 88 4 2 5
477919 38 34 85 0 16 3
531177 36 34 88 1 14 3
387575 38 34 90 2 4 50
434879 25 34 88 4 0 5
519705 33 34 81 1 12 50
390907 34 34 95 1 0 53
390908 35 35 93 3 17 35
519636 37 35 84 13 13 50
520543 41 37 83 1 4 50
434880 38 37 93 3 30 5
519986 52 37 85 20 33 3
519908 36 37 97 3 55 13
519805 39 38 92 0 13 5
442914 38 39 98 5 0 20
520285 37 41 82 2 25 28
519678 41 41 93 3 29 45
520229 35 41 76 2 25 35
519802 44 42 89 3 12 13
412968 44 43 92 0 5 5
495817 48 44 85 1 13 35
434701 31 45 80 0 7 59
496258 42 45 80 3 46 13
470922 50 47 86 3 43 20
479825 50 47 87 3 14 35
520230 40 48 76 3 27 53
387394 40 49 80 0 67 93
518785 51 49 89 3 18 50
519962 65 49 90 2 28 3
518604 51 50 90 0 29 68
518590 53 51 93 0 25 13
531173 63 52 92 8 35 20
431591 47 55 88 12 100 0
520419 65 61 84 1 30 13
531176 63 61 92 1 21 68
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Department of Agronomy graduate program at Louisiana State University. At LSU, 
he studied the effects of potassium fertilizer on the stem canker disease of soybean.
In the Winter of 1991, Barry received the degree of M.S. in Agriculture. That 
summer, he married Jennifer M. Chin and returned to LSU to pursue a Doctorate 
Degree in Agronomy/Plant Breeding. His research focused on breeding wheat for 
resistance to bacterial streak. Barry completed the requirements for the Doctor of 
Philosophy degree in Agriculture in Fall 1994. After graduation, he plans to use his 
skills in some area of applied agricultural research in a University.
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